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Abstract 
Two of the key challenges in determining the relative merits of porous implants are the 
objective quantification of their open pore networks and bone growth into the pores. The 
gold0standard currently employed to quantify bone ingrowth is histomorphometry which can 
identify different cell types and provide information on bone quality, but it is a 2D measure 
that samples a very small region. With recent advances in X0ray micro0computed 
tomography technology (µCT) improving resolution and image quality, µCT offers 
researchers a new perspective on evaluating bone ingrowth into implants. µCT allows direct 
3D imaging and measurements of implants and bone structures that can also be non0
destructive, allowing pre0 and post0operative comparisons. However, quantification of 
images from µCT datasets is not fully standardised leading to differing methods between 
researchers. In particular there is no accepted objective method to identify the region0of0
interest positioning and size.  
 
In this thesis, a novel approach was developed to address this problem by creating a 
contralateral limb model as a template for quantification of the operated limb. This model 
was created by first averaging many normal contralateral limbs. The model was then applied 
to operated limbs, enabling the automated positioning and size of the volume0of0interest 
selection for quantification. This in turn allows the objective quantification of bone ingrowth 
into implants, e.g. a 3D measure of bone ingrowth volume fraction and 3D curvature of 
partially healed bone, both of which were developed by application of the model. These are 
used in conjunction with complementary histomorphometric analyses.  
 
This new technique was applied to two case studies, looking at the bone ingrowth over time 
in a Ti implant and in a sol0gel derived bioactive glass scaffold. Early bone ingrowth into 
porous Ti is an important factor in the successful long0term bone fixation of the implant, 
while in porous bioactive glasses; it is the first stage of bony defect regeneration. The Ti 
implants were created by a process called selective laser melting, an exciting additive 
manufacturing technique that allows precise control of the final structure. The Ti implants 
were separately studied from a commercial view0point, resulting in the development of a 
novel non0destructive method of monitoring 3D porous structures during a series of cleaning 
procedures.  
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Chapter 1 Introduction 
1.1 Motivation 
Musculoskeletal diseases such as joint pathologies, osteoporosis and osteoarthritis affect millions of 
people, causing chronic pain, disability and a poorer quality of life. Osteoarthritis, the degradation of 
the cartilage at the joints, is thought to affect over a tenth of the older population (over060s) (Woolf 
and Pfleger, 2003). The main effects of osteoarthritis are chronic pain, due to damage to bone after 
the cartilage has deteriorated and a limitation of movement for the patient. It is most common at the 
knee and hips. A direct economic cost of treatment is reported to be in the billions of dollars (Leigh 
et al., 2001). Total knee arthroplasty (TKR) is now a widely used method of treatment for 
degenerative knee diseases (Wheeless, 2009). Despite being considered mostly successful, there are 
still a large number of revisions and cases of failure. Common causes of implant failure are loosening, 
implant instability, wear and infection (Sharkey et al., 2002), within which around half were found to 
be due to the poor fixation of the patellar component. Patellar components fixed by bone cements 
also have the disadvantage of making revision surgeries more complicated and expensive. This has 
led to attention turning towards the biological fixation of porous implants as a means of mechanical 
interlocking with ingrowing bone, which has been shown to have good long term viability (Haddad et 
al., 1987). In porous implants, the pore and interconnect size are important parameters that need to be 
quantitatively measured as these influence the permeability of an implant, affect cell migration, 
nutrition delivery and vascularisation. As bone ingrowth and remodelling can take several months, it 
is important that the implant can withstand similar loads and stresses to bone during this neo0growth 
26 Chapter 1 
 
 
 
period. Furthermore, the implant should not detrimentally affect the long0term viability of bone 
ingrowth and long0term behaviour and therefore must support and promote vascularisation. 
 
Titanium (Ti) foams have been introduced as bone fixation devices as they provide mechanical 
stability during early implantation and are considered biocompatible in the body (Kasemo, 1983; Liu 
et al., 2004; Long and Rack, 1998). Pure Ti and Ti alloys have been previously used extensively in 
aerospace and automotive applications (Boyer, 1996; Rochus et al., 2007) due to their low density, 
high corrosion resistance and oxidation resistance (Leyens and Peters, 2005). More recently, the 
production of foamed structures by additive manufacturing (AM) techniques has become more 
widespread (Davies and Zhen, 1983; Murr et al., 2010a).  
 
 
In particular, Ti foams have been manufactured for use in biomedical applications using a powder 
metallurgy route which presents a number of advantages, primarily the ability to shape complex 
structures with tailored mechanical properties at low temperature (Brenne et al., 2013; Dinda et al., 
2008). Of the many AM techniques presented in literature (Dunand, 2004; Singh et al., 2010; 
Wadley, 2002), selective laser melting (SLM) has been found to be a very promising method (Singh 
 
Figure 1.1 (a) Patella component used for TKR with porous Ti for mechanical interlocking and 
(b) SEM scan of the structure of an porous Ti foam 
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et al., 2010). SLM provides a continuous connected pore network that is difficult to achieve using 
typical foaming methods such as bubble foaming or space0holder foaming, in which closed pores can 
form. Bioactive glass based foamed 3D implants are also very promising as they try to emulate the 
performance of autografts in similar situations – the ‘gold standard’.  
 
As the development of implant structures becomes more complex, careful and reliable analysis and 
quantification of the implants are needed. X0ray micro0tomography (µCT) provides a three0
dimensional (3D), non0destructive method of characterization that is ideal for quantifying implant 
materials and also ex vivo biological samples. However there is still a dearth of in0depth work into 
quantifying the in vivo performance of complex implants, where quantification is still reliant on 2D 
measures and histomorphometry. This thesis aims to develop a fresh approach to quantifying implant 
performance over time by building on the current quantification techniques. 
 
1.2 Objectives 
The main objectives of this thesis are to:  
 
1) Perform local and full µCT on SLM built Ti structures to quantify changes in morphology 
across a jet0blasting cleaning procedure and to suggest design changes that can be employed 
to reduce any future defects in the production process. 
2) Develop a novel method of quantification of bone ingrowth into porous structures that 
minimises user bias and standardises the quantification process. 
3) Develop new morphologic parameters to describe bone ingrowth into both bioactive glass 
and Ti implants. 
4) Quantify the effects of surface pre0treatments, platelet0rich plasma and autologous blood, on 
the bone ingrowth into Ti implants. 
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1.3 Thesis structure 
The chapters are organised as follow:  
 
Chapter 2 introduces the basics of bone healing, followed by a discussion on the use of Ti as a 
biomaterial. X0ray µCT and image processing is introduced and reviews the published work on 
quantification of bone, implants and bone ingrowth.  
 
Chapter 3 describes the new algorithms developed over the course of the thesis that require detailed 
explanation as to their function and application. These were coded in Matlab, Avizo modules (Tcl 
script) and Excel VBA. 
 
Chapter 4 studies the SLM Ti structure through the cleaning and sintering process. The study 
demonstrates how µCT can be used as a key tool to characterise, quantify, and quality control 
structures built via additive manufacturing. Novel techniques and quantification algorithms are 
developed and then their applicability demonstrated on selective laser melted complex Ti structures. 
Specifically, the changes in the pore and strut network were studied as the Ti structure underwent 
typical cleaning and sintering processes at both high and low resolutions taking advantage of local 
tomography techniques. Through high0resolution registration, key areas of build design that were 
perceptible to deformation in the through0process were identified and quantified and specific design 
improvements for future additive manufactured structures were suggested.  
 
Chapter 5 presents a novel approach to how we quantify bone ingrowth into implants objectively and 
comparably. A model is created, by mathematically deriving an average model from the un0operated 
contralateral limbs, as a template for objective µCT quantification of the operated leg. From this 
technique, it was possible to develop novel 3D quantification parameters such as bone curvature 
values. The method can also be applied to a wide variety of animal models and produce cross0study 
comparable results.  
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Chapter 6 demonstrates the application of the average model in two different case studies. The first is 
the analysis of an in vivo animal study using a 70S30C sol0gel porous scaffold in rat tibia, which was 
chosen due to its relevance both to current, cutting0edge tissue engineering approaches but also due 
to its complexity in reliable quantification for researchers. It also describes a new quantification 
parameter that was developed from µCT. The second case study investigates the bone ingrowth into 
porous SLM0created Ti implants over the period of 6 weeks using the average model. The average 
model allows for comparable quantification over time and across pre0treatments. The use of 
autologous blood and platelet0rich plasma as easy0to0access implant enhancements was investigated 
in terms of its effect on the rate of bone ingrowth and the effect on the quality of bone fixation.  
 
Chapter 7 summarises the main findings and conclusions from the thesis and presents suggestions for 
further work. 
 
Related work and methodologies by colleagues or collaborators necessary for the comprehension of 
some chapters is arranged in the Appendix and referred to within the text. 
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Chapter 2 Background 
In this chapter, there is an introduction to the key concepts relevant to the studies and experiments 
presented in the thesis and a review of the current knowledge and experiments revolving around the 
central topic of bone growth in porous implants and its quantification. 
 
First of all, there is a brief introduction to bone and the healing mechanism involved in bone 
regeneration. Following this, the properties of Ti that make it a good biomaterial are discussed. In 
particular, its surface properties and its interaction with the bodily environment as well as to potential 
surface treatments are examined. Bioactive glasses are also discussed briefly. Next, the reader is 
introduced to the basic theories of µCT and image processing and this leads onto a review of the 
previous work on the development of the quantification techniques applied to bone and implant 
materials. Finally, a review of the literature is carried out specifically related to porous Ti structures 
as implants. 
 
2.1 Bone  
 
The function of the skeletal system is varied; providing the basic framework for the body, support 
and protection of internal organs, calcium ion homeostasis, etc. As such, bone has to fulfil several 
different criteria for it to perform its role in the body successfully. It must be suitably strong and rigid 
to carry the body, yet light enough to not be a burden. Bone also allows the attachment of muscles for 
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movement and creates cavities that act as a protective case. This means it must also be sufficiently 
flexible to withstand impacts and absorb energy. One of the most important characteristics of bone is 
its ability to adapt and remodel over time to provide strength and mass in places where it is needed 
and resorb in places where it is not needed. This gives bone some scope to regenerate and heal itself. 
 
2.1.1 Macro"structure of bone 
There are many different forms of bone in the body, but they can be divided by their overall shape 
(long, short, flat, sesamoid bones) or their location in the body. Each bone may be a combination of 
tissue types, for example the long bone has a combination of cortical and trabecular bones. Cortical 
and trabecular categorise bone depending on the structural type despite having the same matrix 
composition: cortical bone refers to almost solid bone matrix with high matrix density. Cortical bone 
is also known as compact bone, due to its primary function in the body which is to provide 
mechanical support and is found in most long bones. Trabecular bone is, in contrast, bone that has 
high porosity made up of thin trabeculae and is often characterised by its rod/plate0like structure. 
Cancellous and trabecular bone is used interchangeably; often the term cancellous is used in order to 
avoid confusion with the use of the word ‘trabeculae’ which refers to a beam or segment of bone. It is 
also sometimes described as spongy bone (as it looks like a sponge) but in general spongy bone is 
used to describe bone during endochondral ossification (Parfitt et al., 1987).  
 
Long bones, such as the tibia (the main skeletal site studied in this thesis), are split into 3 regions. 
The long shaft0like diaphysis is enclosed at both ends by the proximal and distal epiphyses. In 
between the epiphyses and the diaphysis, is the metaphysis. The proximal epiphysis acts as the 
articular surface for the patella and is comprised of trabecular bone with cortical bone around the 
outside. The diaphysis is mostly cortical bone for good compressive strength and envelopes the bone 
marrow within the diaphysis. The metaphysis contains trabecular bone and gradually transitions into 
the diaphysis. 
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2.1.2 Bone remodelling and microstructure 
In terms of bone microstructure, cortical bone is comprised of a system of Haversian systems (or 
osteons) which is made up of Haversian canals surrounded by concentric rings of bone tissue (Stout 
et al., 1999). These Haversian canals form the blood vessels and nerves that provide the bone with 
nutrients. Within the concentric lamellae that surround the Haversian canals, are osteocytes (mature 
osteoblasts that have become incorporated into the matrix) that sit in the lacunae. For trabecular bone, 
bone is not organised into cylindrical Haversian systems, but form trabeculae of bone by stacked 
lamellae (Figure 2.1). 
 
Osteoblasts are the ‘bone0forming’ cells that secrete osteoid (unmineralised bone matrix) and express 
the matrix proteins, collagen type I and osteocalcin as well alkaline phosphatase. Osteoclasts are 
involved in bone resorption and are large multi0nucleate cells. Acting much like white blood cells, 
osteoclasts first migrate to the resorption site, attach themselves to bone matrix and demineralising 
the matrix by forming an acidic environment, which is followed by the degradation of the organic 
matrix phase (McHugh et al., 2000). Precursor cells for osteoblasts are present in the bone marrow. 
Mesenchymal stem cells (MSCs) are pluripotent – being able to differentiate into several cell types – 
and require the correct environment to induce differentiation down the osteoblastic lineage. MSC 
 
Figure 2.1 Diagram of the anatomy of bone. Adapted from (McKinley and O'loughlin, 2006) 
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differentiation into osteoblasts can be induced in vitro in the presence of dexamethasone, ascorbic 
acid and beta0glycerol phosphate (Jaiswal et al., 1997), however in the body, it has been found that 
the presence of osteocytes and osteoblasts that are already present have a synergistic effect on 
osteogenic differentiation, leading to increased proliferation and mineral production of osteoblasts 
(Birmingham et al., 2012). Osteoclastic precursor cells are also present in the bone marrow and in 
peripheral blood (Wilson and Trumpp, 2006). These cells then differentiate into multi0nucleate cells 
by cell0cell fusion creating an activated multi0compartmental cell that can resorb bone. Osteoclasts 
work in groups called ‘cutting cones’ attaching to the bone surface and dissolving organic and 
inorganic phases using hydrolytic enzymes that form shallow resorption pits on the surface of the 
bone. It is thought that the signalling receptor RANKL (receptor activator of nuclear factor κB ligand) 
is responsible for enhanced osteoclastogenesis (Detsch and Boccaccini, 2014).  
 
Bone remodels itself constantly throughout its lifetime and involves the co0ordinated actions of 
osteoblasts and osteoclasts. Remodelling is usually triggered by mechanical forces, micro0damage or 
due to systemic hormonal control of Ca ions (Dempster et al., 2006). In brief, the remodelling 
process is the advancement of an osteoclastic front that actively resorbs bone followed by osteoblasts 
that deposit layers of osteoid that will eventually mineralise. For trabecular bone, this can occur on 
the surface of trabeculae when required, whereas cortical bone remodelling requires a more organised 
approach that involves the co0ordinated replacement of entire osteons. 
 
The adaptation of bone in response to external loading is an important factor in fulfilling its role as a 
mechanical supporting tissue. As more mechanical loading takes place in a particular area, bone is 
formed in order to meet the loading needs and removed where it is not. This was first suggested by 
Wolff (Wolff, 1870), who devised a simple relationship between the formation of bone and the level 
of mechanical loading. These models were further refined which showed that bone remodelling was a 
factor of the internal strain (Rubin and Lanyon, 1985; Turner et al., 1994). It was found that the loss 
or gain of bone was dependent on a certain threshold of strain of 1300 to 3000 microstrain 
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(depending on the location of testing along the bone) (Hsieh et al., 2001) and frequency as low as 
0.2 Hz (Hsieh and Turner, 2001), which together was termed the ‘strain stimulus’ (Turner, 1999). It 
was found that the strain threshold decreased with increasing loading frequency, but too high a 
frequency led to the cells being less responsive (Hsieh and Turner, 2001). A low strain that would 
have little effect on its own could induce osteogenesis at a high frequency(Ehrlich and Lanyon, 2002). 
The sensitivity of bone to levels of strain was also found to saturate very quickly, meaning that 
periodic loading caused a greater osteogenic response than sustained loading (Burr et al., 2002). 
2.1.3 Fracture healing 
As well as the ability to remodel itself over time (self0regulate), bone also has the ability to repair 
itself. The theory of fracture healing has been extensively studied (Einhorn, 1998; Einhorn, 2005; 
Marsell and Einhorn, 2011; McKibbin, 1978) and is generally divided into two types: primary or 
direct fracture healing that occurs when the gap between bone is sufficiently low and there is stable 
fixation, and secondary or indirect fracture healing. 
 
Primary fracture healing can be thought of as essentially a remodelling step. When the bone 
fragments are close enough (less than 10 µm) and stable enough, bony union can occur by contact 
healing, whereby remodelling osteoclast0osteoblast cells cross over from the end of one osteon to the 
other, essentially skipping the need for mechanical stability provided by a callus (Marsell and 
Einhorn, 2011). Gap healing can also occur (in gaps less than 1 mm) which are filled in by lamellar 
bone oriented perpendicular to the long axis if stable enough and remodelled over time (Shapiro, 
1988). This remodelling time is significantly less than in endochondral ossification.  
 
Secondary fracture healing can be split into three stages: inflammation, callus formation and 
remodelling.  
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The moment fracture occurs, the vasculature around the bone ruptures leading to the formation of a 
blood clot between the two bone ends. This acts as a recruiter of necessary factors involved in bone 
regeneration such as angiogenesis, osteoblast differentiation, promoting callus formation. 
Cartilaginous tissue forms around the outside and at both ends of the fractured bone creating a soft 
callus, usually as a response to the lower oxygen tension as chondrocytes require much less 
vascularisation (Girgis and Pritchard, 1958). The callus that forms from the living tissue directly 
behind the fracture site mineralises (endochondral ossification) but is later remodelled (see Figure 
2.2). Within the callus, intramembranous ossification occurs adjacent to the distal and proximal ends 
creating a hard callus. The eventual bridging of the fracture site by the hard callus allows the bone to 
bear weight. Neovascularisation and gradual resorption of the soft callus follows, whilst the hard 
callus is remodelled into structured lamellae that provides full biomechanical support signalling full 
recovery (Einhorn, 2005; Marsell and Einhorn, 2011). 
 
 
Figure 2.2 Secondary fracture healing involves the callus bridging of the fracture site followed 
by remodelling. Adapted from (McKibbin, 1978) 
 
2.2 Implant considerations 
Choosing what material to use in an orthopaedic device is a critical part of implant design. As 
mentioned in the Introduction, there has been a shift towards biological interlocking of the patellar 
Background 37 
 
 
 
component for the fixation of the device to bone over the long term. Earlier all0polymer designs 
using cement for fixation led to long0term implant loosening and difficult revision surgeries leading 
to a change to porous metal backed polymer devices. The rationale behind using a metal backed 
patella component was that the metal would be able to support the polymer surface and reduce 
surface strains, as well as morphological fixation through bone ingrowth into an open porous 
structure. Improved polymer chemistry and processing, domed designs of the patellar component 
have all led to a decrease in revision rates as seen in the Miller0Galante II design (Effenberger et al., 
2001), an improved total knee implant design, to the Miller0Galante I (Figure 2.3), but more research 
is required into optimising the porous metal structure used in these devices for improved bone 
fixation.  
 
 
Figure 2.3 Miller4Galante II design for total knee arthroplasty. The patellar component would be 
placed on the patella and ride along the groove of the femoral component (adapted from (Barrack 
et al., 1997) 
 
There are a number of material design considerations in order to produce a successful bone fixation 
device. The first consideration that needs to be taken into account is the biocompatibility of the 
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implant. Biocompatibility of a material relates to its ability to not cause an adverse reaction within 
the body (locally or systemically) and with respect to bone implants, would allow the direct 
apposition of bone cells to the implant surface rather than inflammatory response cells. Fibrous 
encapsulation, which occurs on nearly inert materials, has been shown to be a big factor in implant 
failures as it leads to implant loosening. The fibrous tissue forms between the bone and the implant 
and loosening occurs due to a poor interface and lack of bonding between the implant and bone, 
leading to progressive micromotion. Some materials, in particular certain polymers, ceramics and 
bioactive glasses, can be biodegradable, meaning they break down into products that are not harmful 
and can be removed by the body. For bone fixation devices, the implant is often needed to remain in 
place to augment load bearing bone, which requires high mechanical strength: a degradable material 
would be unfavourable unless it can stimulate bone regeneration at the same rate as degradation of 
the material. 
 
Tissue response to an implant is largely governed by the surface properties of the material; this 
includes surface chemistry, topography, surface wettability and surface energy. In a porous implant, 
the inner surfaces are also important. Several research groups have found that changing the 
topography of a surface (depth, width and spacing of grooves) triggers different responses by cells 
(Anselme et al., 2002; Brunette and Chehroudi, 1999; Kieswetter et al., 1996). There was more cell 
adhesion on rough surfaces, creating a dilemma in implant design as rough surfaces cause localised 
stress build0ups that can lead to increase wear or failure. There are several surface modifications that 
can be applied to change the physical topography or the surface chemistry e.g. micro0machining to 
create a roughened surface (Brunette and Chehroudi, 1999), CaP coatings to produce more bioactive 
surfaces, pre0loading implants with cells that can help induce a favourable reaction (Alghamdi et al., 
2013).  
 
Another important consideration that needs to be taken into account is the porosity. A fully porous 
structure provides a 3D framework for bone to grow within the pores creating a mechanical interlock 
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between implant and bone. The pore size, interconnect size, interconnectivity, level of porosity and 
permeability determine the amount of cell migration, vascularisation and mass transport of nutrients. 
Porous surfaces on dense bulk materials have been successful (Martens et al., 1980; Wazen et al., 
2010), for initial bone interlocking but long0term bone viability is variable. A fully porous 
architecture can allow nutrient and vascularisation penetration from several directions. A minimum 
interconnect size of 100 µm was found to be necessary for vascularised bone ingrowth into a porous 
ceramic surface (Klawitter and Hulbert, 1971). The lower bound for interconnect sizes are limited to 
the size of a typical cell (20 µm), as an interconnect size smaller than this would cause a blockage 
(by the cell) and affect cell migration into the structure (Freyman et al., 2001) or the osteonal 
diameter (Holmes, 1979) as this pore size would permit vascularisation or matrix deposition to occur, 
similar to what is found in natural bone. Early investigations into metallic foams suggested 500
400 µm as the optimum pore size for metallic foams (Bobyn et al., 1980).  
 
A high porosity has an effect on the mechanical properties of the implant. It is favourable to have 
implants that are able to withstand loads in the implant site, thus restoring function and reducing 
immobilisation time, especially in long bone fractures. A bone fixation device for the patellar 
component in TKR, it must withstand the compression and shear stresses during flexure of the leg. 
Typical values of the mechanical properties of bone are shown in Table 2.1, but values can vary 
depending on testing condition, age, bone location and disease. Whilst an implant must be designed 
Table 2.1 Mechanical properties of human trabecular and cortical bone (from (Alvarez and 
Nakajima, 2009) 
 Trabecular bone Cortical bone 
Compressive strength 
(MPa) 
1.5 – 10  150 – 220  
Tensile strength (MPa) 7 0 25 50 – 170  
Young’s modulus (GPa) 1 – 10 (Rho et al., 1998) 7 – 28  
 
40 Chapter 2 
  
 
 
to have sufficient mechanical strength, it must also have interconnected pores within its structure. If 
the implant has mechanical properties (higher modulus) far superior to that of the native bone, this 
can cause stress0shielding, where the loads that would normally pass through bone is taken by the 
implant instead, causing gradual bone loss around the implant leading to implant loosening (Bobyn et 
al., 1992; Schmalzried et al., 1992). Additionally, an implant should have good fatigue properties as 
it is exposed to cyclic loads in the body. Wear debris from implants, as seen in Ti06Al04V hip joint 
implants (Lomholt and Pantleon, 2011), are typically less than 5 µm in size and originate mainly 
from articulating surfaces or at interfaces. The buildup of wear debris has been shown to be related to 
osteolysis (osteoclastic activity) leading to aseptic loosening and therefore limits the life span of any 
implant (Abu0Amer et al., 2007). Indeed the rate of particle accumulation was also found to be a 
factor in the occurrence of osteolysis (Maloney and Smith, 1995), meaning that implants must be 
designed to minimise the amount of wear debris, through good design and material choice. 
 
In summary, an ideal implant material for bone fixation devices would: 
a) Be biocompatible within the body i.e. any material implanted in the body should not cause an 
adverse reaction such that it can form a direct bond to bone 
b) Have suitable corrosion resistance 
c) Be porous to allow the integration of bone with the implant structure and permit 
vascularisation 
d) Have similar mechanical properties to bone, such that minimises the risk of stress shielding 
in terms of compressive and fatigue strength and low stress modulus 
e) Surface properties that promote the attachment of cells and the direct apposition of bone onto 
the surface 
f) Be easily manufactured in terms of scalability, build consistency and porosity. 
 
There are many different materials that have been used as implants. For bone fixation devices, metals 
have been favoured over ceramic or polymeric materials due to the superior mechanical properties. 
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Already there are many different metals that satisfy some of the above criteria, most notably 
biocompatible metals such as stainless steels, titanium and its alloys and cobalt based alloys are used 
in dental applications. The pros and cons of different metals are listed in Table 2.2.  
 
Table 2.2 Pros and cons of different metals for bone fixation devices (Alvarez and Nakajima, 
2009; Gotman, 1997) 
Metal Pros Cons 
Titanium • Proven integration of implants in bone 
without adverse reaction 
• Strong oxide layer that provides 
biocompatibility and corrosion resistance 
• More biocompatible than steels or Co0Cr 
alloy 
• Low density 
• Lower elastic modulus (110 GPa) than 
steel or Co0Cr alloys (200 GPa)  
• Not ferromagnetic: Ti implants can be 
safely imaged by MRI 
• High cost 
• Ti06Al04V ion is toxic in the body 
• Poor shear strength 
Steel (316L) • Low cost 
• Widely available 
• Has a fatigue limit (reliable in low level 
cyclic loaded environments) 
• High wear resistance 
• 17 wt.% Cr addition creates a passive 
oxide film for corrosion resistance 
• Added Mo or Ni improves corrosion 
resistance 
• High density 
• Susceptible to local corrosion, 
especially in saline, oxygen0poor 
regions 
 
Tantalum • Has similar elastic modulus to bone • Porous Ta currently produced by 
depositing onto a C substrate, 
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• Biocompatible and allows 
osteoconduction 
• Highly corrosion resistant 
leading to hollow walls (Bobyn et 
al., 1999; Zardiackas et al., 2001) 
Magnesium • Resorbable 
• Similar mechanical properties to bone 
• Has no inflammatory response when 
implanted 
• Very low density 
• High fracture toughness 
• Degradation products efficiently removed 
via patient’s urine 
• Although Mg ions are found 
naturally in the body, rapid 
degradation can lead to potentially 
high levels of Mg ions 
• Rapid degradation also means poor 
mechanical reliability 
• Low corrosion resistance 
Ni0Ti • Shape memory effect: has the ability to 
return to its original shape as it changes 
from one phase back to its parent phase 
• Useful for difficult surgical procedures 
e.g. bone marrow needles, stents 
• Superelastic: returns to original shape 
after being stressed 
• Highly biocompatible 
• Low elastic modulus (33 GPa) 
• Ni toxicity 
Co0Cr alloys • Co0Cr0Mo is highly resistant to corrosion 
• Wrought Co0Cr have high ultimate tensile 
strengths and fatigue lives 
• Release of Co or Cr ions can be toxic 
 
 
The following section will address these criteria by describing inherent Ti properties that make it 
suitable as a biomaterial, the manufacturing process and surface modifications and treatments that 
have been applied to improve the interaction of Ti with bone. 
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2.2.1 Titanium as a biomaterial 
As was outlined in the Introduction, bone fixation is an important stage that determines the overall 
long0term success of the implant. Early adoption of Ti as a biomaterial stemmed from its superior 
bulk properties such as lower modulus, lower density and good corrosion resistance compared to 
stainless steel or other metallic biomaterials. Ti also has the advantage of being considered more 
biocompatible than other metals and therefore does not show any adverse hypersensitive or 
immunogenic reactions when implanted in the body.  
 
Many of the favourable properties found in Ti are related to its surface oxide layer that forms 
spontaneously in contact with air (Figure 2.4). Its corrosion resistance and chemical inertness stems 
from the ability to rapidly restore the oxide surface if it becomes worn or scratched (Long and Rack, 
1998; Schmidt et al., 2001). This also means Ti can be prepared in many different shapes without 
losing biocompatibility (Kasemo and Lausmaa, 1988). As a result of the coherent Ti oxide layer, 
when implanted into the body, it is the oxide layer that interacts with the proteins, ions and other cells 
present in the wound site, which can have a local pH between 5.5 and 7.8. The Ti oxide layer is 
known to have low solubility, low reactivity with organic molecules and does not suffer from crevice 
corrosion which can exacerbate the situation (Tengvall and Lundström, 1992). The breakdown 
potential for Ti is much greater than its resting potential in corrosive environments meaning it does 
not corrode easily and compares well to other typical metal alloys, as shown in Table 2.3. 
Table 2.3 Resting and breakdown potentials of different metals and metal alloys in 
deoxygenated 0.17M NaCl. (adapted from Gotman et al. (Gotman, 1997) 
Material Resting potential 
after 48h (V) 
Breakdown 
potential (V) 
304 stainless steel 0.20 0.20 
316 stainless steel 0.30 0.40 
Co0Cr alloy 0.50 0.87 
Tantalum 0.36 24 
Titanium 0.37 9 
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Figure 2.4 The Ti oxide layer 
 
As seen in Figure 2.4, when in contact with water, OH0 ions attach to the Ti cation and leads to 
weakly adsorbed water on the surface. In bodily fluid or blood, having close to neutral pH, Ti 
exhibits very low corrosion rates (Liu et al., 2004). It has been generally thought that, whilst the Ti 
oxide layer that forms on Ti is biocompatible, bone tends to grow from existing bone towards the 
surface of the implant (Clokie and Warshawsky, 1995) and is separated by a thin fibrous layer 
(Thomsen et al., 1997), rather than bone growing directly on the surface. Furthermore, the 
manufacturing route of Ti implants can lead to contaminated, deformed or uneven surfaces can be 
detrimental towards its intended purpose.  
 
Regarding mechanical properties, the high specific strength and low elastic modulus make Ti a good 
candidate for orthopaedic devices. Mechanical properties of Ti and alloys are shown in Table 2.4. 
However, due to its low hardness, Ti implants are prone to wear and abrade easily. Surface coatings 
could potentially improve the wear resistance, whilst simultaneously having a positive effect on 
bioactivity. This is discussed in more detail in Section 2.2.2.  
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Table 2.4 Mechanical properties of Ti (adapted from (Freese et al., 2001; Liu et al., 2004)) 
Alloy Young’s 
modulus (GPa) 
Ultimate tensile 
strength (MPa) 
Yield strength 
(MPa) 
Indentation 
hardness (HR)  
Pure Ti 105 785 692 700100* 
Ti06Al04V 110 960 850 36 
Ti06Al07Nb 105 1024 921 32 
Ti05Al02.5Fe 110 1033 914 0 
Ti015Mo05Zr0
3Al 
100 1310 1215 0 
Ti035Nb05Ta07Zr 55 590 530 35 
*Hardness Rockwell scale B, others are Rockwell scale C 
 
 
To improve the surface interactions of porous Ti and bone, a number of surface modifications and 
treatments have been suggested whilst not compromising any of its bulk properties. These can be 
split into 3 main methods: mechanical, chemical and physical methods.  
 
2.2.2 Surface modifications and treatments of Ti 
This next section will discuss only a few of the surface modification or treatment methods and the 
proposed scientific reasoning behind the improved bone integration of modified Ti surfaces. In 
particular, the effects of platelet0rich plasma (PRP) and autologous blood as potential pre0treatment 
methods are discussed. The numerous methods are discussed in much greater detail in Liu et al. (Liu 
et al., 2004) and summarised in Table 2.5 
 
Mechanical modifications to Ti involve the manipulation of the Ti surface such as grinding, cleaning 
and blasting. In Ti powder processing techniques, the partial sintering or melting of powder particles 
can leave behind unwanted leftover material. Organic contaminants can also inhibit interaction of the 
Ti surface with cells. An abrasive procedure such as jet0blasting using sublimating pellets may be 
used to clean the surface. This not only physically removes contaminants as well as powder, 
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sublimation of the cleaning pellets reduces contamination from the cleaning process and has the 
potential to remove a drying cycle (Sherman, 2007).  
 
The surface geometry of metal implants, not only Ti, is an important part of their long0term success. 
It has been known for some time that roughness tends to improve bone implant integration (Buser et 
al., 1991; Kienapfel et al., 1999). A number of modifications to the surface roughness of Ti implants 
have been suggested such as producing dimples on the surface (Li et al., 1997) or grit0blasting 
(Zhang et al., 2010). It is also common to use chemical attack or etching of Ti surfaces to create an 
artificial surface roughness.  
 
Combinations of grit0blasting and acid0etching have become a popular surface modification, 
commonly known as ‘SLA’. The grit0blasting and acid0etching using a HCl/H2SO4 solution produces 
a roughened surface resembling osteoclast pits which have been shown to promote osteoblast activity 
(Boyan et al., 2003). A further development on SLA surfaces was creating hydrophilic surfaces with 
a contact angle <11
o
 (as measured by saline drops) by boiling Ti in NH4OH, H2O2, H2O (1:1:5 v/v) 
for 5 minutes demonstrated by several groups to be a simple method of improving Ti 
biocompatibility (Eriksson et al., 2004; Wang et al., 2008; Wen et al., 2002). The hydrophilicity of 
metal surfaces was found to be directly proportional to the ability of cells to adhere to the surface 
(Hallab et al., 2001) and the high surface area of hydrophilic surfaces was shown to be stimulatory to 
osteoblasts (Donos et al., 2011; Zhao et al., 2005) in the short term, but little difference in the overall 
bone quality after 3 weeks was seen between hydrophilic and hydrophobic surfaces. Hydrophilic 
SLA surfaces from this technique have been termed modSLA (or SLActive) surfaces. Several studies 
on modSLA surfaces have shown that modSLA improves osseointegration in the short term 
(Eriksson et al., 2004; Lang et al., 2011; Schwarz et al., 2010), which suggest that such treatment 
could potentially improve long term bone fixation in Ti implants. The relative simplicity of the 
technique and adoptability into even complex structures make creating an SLA surface a very 
promising surface modification. 
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Another chemical modification to improve the biocompatibility of Ti surfaces has been focused on 
creating a more coherent and thicker Ti oxide layer. The Ti oxide layer was shown to improve 
haemocompatibility of Ti surfaces, leading to increased platelet activation and preventing denaturing 
of proteins adhered onto its surface (Huang et al., 2003). A method of increasing the Ti oxide layer 
was suggested by Pattanayak et al., showing improved bone integration over 12 weeks in vivo 
(Pattanayak et al., 2011). Ti oxide layers were found to thicken in vivo naturally as a result of 
metabolic activity depending on the location. In cortical bone, the oxide layer was mostly unaffected, 
but increased by 304 times for samples in the bone marrow (Sundgren et al., 1986). It was also found 
that Ca and P were incorporated in the oxide layer, creating phosphate groups in the oxide. This 
suggests that Ti naturally improves its biocompatibility when in a bony location, by thickening of its 
oxide layer. 
 
More traditionally, physical coatings have been considered to improve osseointegration such 
hydroxyapatite (HA) coatings (Clèries et al., 2000; Nimb et al., 1993) and calcium phosphate 
coatings (Alghamdi et al., 2013; Rivero et al., 1988; Vehof et al., 2000) which can form direct 
chemical bonds to bone tissue. However, because of the lower bond strength of the metal0coating 
interface compared to the bone0coating interface this has led to component failures, where the bone 
remains fixed to the coating and failure is caused by disruption to the metal0coating interface (Nimb 
et al., 1993). CaP coatings have also been shown to cause long0term osteolysis (Ninomiya et al., 
2001).  
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Table 2.5 Surface modifications to titanium (adapted from (Liu et al., 2004) 
Mechanical methods 
0 Machining 
0 Grinding 
0 Polishing 
0 Blasting 
Mechanical methods aim to create roughened or smoothed 
surfaces by removing material or contaminants. They are used to 
create a specific surface topography, ideally to create a surface 
allowing cell adhesion. Mechanical methods are difficult to 
implement in complex 3D structures. 
Chemical methods 
0 Acid or alkali 
treatment 
 
Chemical methods are based on the reaction of Ti to the 
chemical solution. Acid (e.g. HF, HCl, H2SO4) and alkali 
treatments are easy to implement and can improve 
biocompatibility. Alkali + heat treatment was shown to produce 
a sodium titanate hydrogel layer that acted as a biomimetic 
coating and produced surface roughness (Buser et al., 2004). 
0 Hydrogen peroxide The reaction between Ti and hydrogen peroxide forms a Ti0
peroxy gel, that was found to have low toxicity and 
inflammation modulating properties (Tengvall and Lundström, 
1992). Not only this, Ti0peroxy gels have been found to induce 
apatite formation in simulated body fluid and the thickness of the 
layer was highly controllable (Peltola et al., 2000).  
0 Sol0gel The sol0gel process can add a thin (10030 µm) coating on the 
surface to improve bioactivity. Typical films would be titanium 
dioxide or calcium phosphate coatings. 
0 Anodic oxidation/ 
anodic spark 
deposition/ micro0arc 
Anodic oxidation aims to increase the thickness of the oxide 
layer (from ~10 nm to 40 µm) which improves corrosion 
resistance, improved haemocompatibility and bone conduction 
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oxidation (Pattanayak et al., 2011; Yang et al., 2004). Anodic spark 
deposition can incorporate different ions to produce a protective 
layer. 
0 Chemical vapour 
deposition (CVD) 
Chemical vapour deposition can produce organic or inorganic 
thin films by the reaction of a gas to the substrate to leave a non0
volatile, protective compound on the surface. This improves 
wear resistance, corrosion resistance and hardness. It can be 
effectively employed in tortuous, complex porous structures as 
the gas permeates through the pore structure. 
Physical methods 
0 Thermal spraying 
(flame/plasma 
spraying) 
A high0temperature liquid creates a coating on the surface when 
sprayed. Typically used to spray ceramic coatings, thermal 
spraying can alter the surface structure and composition to 
improve biocompatibility, wear and corrosion resistance. 
0 Physical vapour 
deposition (PVD) 
Evaporation, sputtering and ion plating are all PVD methods. As 
with CVD, the gas condenses on the surface but will not react 
with it chemically. As it is a line0of0sight method, great care 
must be taken to create a uniform surface. 
0 Ion implantation Ion implantation affects the top 50 nm of the surface and is 
primarily used to change the surface composition or surface 
energy. The incorporation of ionic groups can allow favourable 
reactions inside the body, improving bioactivity. 
 
 
Clearly, modified Ti surfaces by chemical or mechanical means must be considered for future 
implant designs. Coatings have provided a quick and easy method of artificially creating the apatite 
layer for implant0bone integration, but still have many limitations. As an alternative, PRP and 
autologous blood are considered to provide many of the necessary components for successful bone 
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regeneration and is easily accessible and simple to apply for surgeons (Marx et al., 1998). The use of 
PRP or blood is based on the idea that the release of the correct growth factors and chemical signals 
can stimulate bone formation at a genetic level as seen in bioactive glasses. Many additions to Ti 
implants have been considered as well as PRP and blood, such as demineralised bone matrix (Lim et 
al., 2012), bone morphogenic proteins (Cole et al., 1997; Vehof et al., 2001) and osteoblasts (Frosch 
et al., 2002; Frosch et al., 2003). A review of the role of growth hormones in fracture healing was 
carried out by Tran et al. (Tran et al., 2009) and Intini (Intini, 2009) which both suggest that there is 
great potential for the use of growth hormones in bone healing. The study of PRP or blood into 
porous Ti has not been studied in great detail, despite PRP and blood being well known for 
containing a multitude of important growth factors.  
 
For example, PRP contains PDGF and VEGF which are thought to enhance vascularisation and cell 
proliferation (Alvarez et al., 2006; Kleinheinz et al., 2005), IGF01 which has been shown to stimulate 
osteoblastic activity (Intini, 2009) and TGF0β both stimulates bone formation and inhibits 
osteoclastic activity (Baylink et al., 1993). PRP itself is obtained by centrifugation of the patient’s 
own blood, which makes it a very easy and accessible source of growth factors and enhancements to 
Ti implants. However, despite its apparent potential, studies into the use of PRP in bone regeneration 
have had mixed results.  
 
In vitro, PRP showed that it increased proliferation of pre0osteoblastic cells, but at the same time 
reduced osteoblastic differentiation, making it difficult to determine whether or not PRP has a 
positive effect (Arpornmaeklong et al., 2004). In vivo, PRP has been shown to be effective in diabetic 
mice (Gandhi et al., 2006; Mariano et al., 2010) and cancellous cellular marrow grafts (Marx et al., 
1998) showing greater bone density over time, whilst application of PRP with collagen (Sarkar et al., 
2006; Schlegel et al., 2004), Ti (Jansson et al., 2001) or ceramic (Kasten et al., 2008) implants have 
shown little to no effect in some studies. The reasons for the failure of PRP to enhance bone 
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regeneration were attributed to many things such as low platelet density, lack of growth factor BMP 
and lack of PRP activation (Lacoste et al., 2003; Sarkar et al., 2006).  
 
2.2.3 Ti foams from selective laser melting 
With its favourable properties, the manufacture of porous Ti has gained much interest. There have 
been many different methods of manufacturing porous Ti structures described in the literature such as 
plasma spray (Cole et al., 1997; Singh et al., 2009; Takemoto et al., 2005) and using a space0holder 
or foaming agent (Baril et al., 2011; Bhattarai et al., 2008; Lim et al., 2012; Van Cleynenbreugel et 
al., 2006; Wazen et al., 2010; Wen et al., 2002) being the most popular. Titanium, with its high 
melting point (Tm = 1941 K), processing Ti in its liquid state is very difficult and expensive. Ti also 
reacts strongly with typical atmospheric gases such as oxygen, hydrogen and nitrogen leading to 
embrittlement, which makes gaseous foaming a poor option in manufacturing Ti foams. Sintering of 
powders is therefore much more prevalent, but it is difficult to control the final shape of the foam 
including its pores as the body sinters. The different approaches to producing Ti foams are reviewed 
by (Dunand, 2004) and (Singh et al., 2010)  and discussed in Table 2.6. 
 
More recently, additive manufacturing (AM) has been found to be an excellent method of producing 
open pore structures (Santos et al., 2006). The advantage of using an AM method is the control that 
the manufacturer has on the design process, such as the porosity, pore size and mechanical properties 
that is not possible from using other techniques. In particular, selective laser melting (SLM), in which 
a laser is used to produce a 3D structure in a layer by layer manner, has been shown to be a very 
promising method (Figure 2.5). The high energy of the laser fuses the Ti powder at specific points 
before the base is lowered and a new powder layer is deposited. The process is repeated until a 
complete structure is produced. The laser is given instructions based on a computer aided design 
(CAD) of the 3D component which can be designed for a number of desirable properties beforehand. 
The ability to directly control pore size (Mullen et al., 2009), strut thickness (Van Bael et al., 2011) 
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and densification behaviour (Gu et al., 2012) makes SLM uniquely able to design pre0determined 
properties into the final product with reliability and reproducibility. Indeed, in selective electron 
beam melting (an analogous AM technique to SLM) the mechanical properties of the final structure 
could be accurately predicted from the unit cell size and the energy of the electron beam applied 
(Heinl et al., 2008). Finally, any loose powder is removed and recycled. 
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Table 2.6 Comparison of manufacturing metal foams (Banhart, 2001; Davies and Zhen, 1983; 
Lefebvre et al., 2008; Singh et al., 2010) 
Manufacturing 
process 
Description Comments 
Conventional metal foams  
Direct foaming with 
gas/blowing agent 
Gas is injected to Ti melt and 
vigorously mixed to create 
bubbles. 
Can create highly porous foams, but 
forms closed pores. Bubbles formed 
tend to rise to the surface of the melt 
quickly leading to poorly distributed 
pores. To overcome this, additions to 
the melt are often used to create metal 
matrix composites. 
Spaceholder method Spaceholder agent is added with 
Ti powder and compressed. The 
green body is sintered, leading to 
the removal of the spaceholder 
agent. 
Difficult to produce interconnected 
pores and porosity is limited to how 
much spaceholder can be incorporated.  
Replication of 
polymeric sponge 
(metallic deposition or 
slurry coating) 
A polymer foam is used as a 
template and creates foam by 
depositing metal onto the surface 
followed by removal of the foam. 
Creates hollow struts that have poor 
mechanical strength, but creates foams 
with premade pore sizes and porosity. 
High cost as up0scaling is difficult. 
Investment casting Similar to replication, molten 
metal is poured into a mould that 
was created from a polymer foam. 
Only possible with metals that have 
low melting points such as copper or 
aluminium. 
Fibre metallurgy Metallic fibres are used instead of 
powder to create a metal mesh/felt 
followed by sintering. 
Creates highly permeable and porous 
structures. Strength and ductility of the 
meshes are greater than that made 
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from powders.  
Sputter deposition The metal is sputtered under a 
partial pressure of inert gas. The 
metal is then heated to above its 
melting temperature that allows 
the trapped gas to expand, 
creating a cellular structure. 
The porosity can be controlled by the 
pressure of gas, whilst the pores 
uniformly distributed. This only 
creates closed pores, unsuitable for 
bone ingrowth. 
Additive manufacturing 
Electron beam melting 
(Murr et al., 2010b) 
Uses an electron beam to melt 
metal powder inside a high 
vacuum.  
Creates fully dense, void0free 
structures and takes relatively little 
time, but is costly and has low surface 
quality.  
Selective laser 
sintering (SLS) 
Laser selectively fuses a polymer 
binder onto a bed of metallic 
particles. 
The structure requires post0processing 
to increase mechanical properties and 
density. 
Selective laser melting 
(SLM) (Stamp et al., 
2009) 
Similar to SLS, but powders are 
directly melted by a high powered 
laser. 
Fully dense struts are possible and has 
very high accuracy (high resolution) 
Laser engineered net 
shaping (LENS) (Xue 
et al., 2007) 
A metal substrate is melted using 
a high power laser and powder is 
injected into the liquid, which 
melts and solidifies. 
Produces a naturally rough surface and 
controlled pore sizes and porosities. 
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Figure 2.5 Basic set4up of SLM system and the process from which 3D components are produced 
Adapted from (Stamp et al., 2009) 
 
Mullen et al. developed a unit cell approach to produce SLM foams with controlled pore and 
interconnect sizes (Mullen et al., 2009). They further developed this to create more bone0like 
structures by randomising the unit cell co0ordinates whilst maintaining porosity, mechanical strength 
and pore size distribution (Mullen et al., 2010). The bone0like structure is desirable not only 
aesthetically to clinicians, but was also found to increase compressive strengths with higher 
randomisation due to stepped failures of individual unit cells and improved permeability properties 
(Zhang et al., 2013). The deformation of unit cells was also applied to produce a modified implant 
surface, despite contradicting conventional good design rules, showing that complex morphologies 
could be produced (Emmelmann et al., 2011). When compared to powder sintered Ti foams, the 
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bone0like SLM foams possessed improved compressive strengths at the same porosity (Pattanayak et 
al., 2011). Sintering of such structures further improved fatigue properties and gave micron0sized 
ridged Ti surface that could potentially improve cell attachment (Mullen et al., 2010), and also led to 
the reabsorption of powder into the struts (Stamp et al., 2009). 
 
The most ideal pore size for SLM0created foam structures has also been under investigation. As 
mentioned previously in Section 2.2, the accepted minimum interconnect sizes for successful bone 
ingrowth has been found to be at least 100 µm and pore sizes of 500400 µm in metallic foams (Bobyn 
et al., 1980; Saiz et al., 2007). The difficulty in SLM foams is the ambiguity in the differentiation 
between pores and interconnects, especially when the pores are not spherical. For unit cell0designed 
foams, the pore network more closely resembles an interconnected series of channels. A study in the 
migration of osteoblasts into different channel diameters in a Ti implant showed that channel sizes of 
600 µm showed the best bone0implant contact and earlier bone formation (Frosch et al., 2002; Frosch 
et al., 2003) and further went onto show that the diameter of the channel had a significant effect on 
migration, gene expression and mineralisation of the osteoblasts (Frosch et al., 2004). This was 
confirmed by a study into square channels, which showed that 500 and 600 µm channels in SLM Ti 
foams provided the most ideal balance between blood circulation and fluid movement necessary for 
bone formation (Fukuda et al., 2011). These results suggest that a channel size of 500 µm is 
necessary for bone growth in Ti foams.  
 
2.2.4 Porous bioactive glass foams 
As well as Ti, other materials such as glasses and ceramics have been developed to go one step 
further in bone healing. The term ‘bioactive’ is defined as the ability ‘to stimulate a beneficial 
response from the body, particularly bonding to host tissue’ (Jones, 2013). The first bioactive 
material, Bioglass, was invented by Larry Hench in 1969 and had the composition 46.1 mol.% SiO2, 
24.4 mol.% Na2O, 26.9 mol.% CaO and 2.6 mol.% P2O5, otherwise known as the 45S5 composition 
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(Hench, 2006). Over the years, many new compositions have been suggested and investigated, but as 
yet none have shown superior biological properties than the original 45S5 composition (Jones, 2013). 
 
The bone bonding ability of bioactive glasses is attributed to the formation of hydroxyl0carbonated 
apatite (HCA) layers on the surface. The surface cations in a bioactive glass, typically Na
+
 and Ca
2+
, 
are replaced by H
+
 ions in body fluid causing the formation of Si0OH groups on the surface. The Ca
2+
 
and PO4
30
 ions in the solution then migrates to the surface and forms an amorphous film that 
eventually crystallises to form HCA (Hench, 1991). This dissolution0reprecipitation formation of the 
HCA layer is attributed to bone bonding (Hench and Paschall, 1973). The dissolution products of 
bioactive glasses (Ca and Si in particular) also make it osteoinductive, the ability for bone to form 
away from the material. This is achieved by the activation of particular genes that stimulate bone 
regeneration (Reffitt et al., 2003; Xynos et al., 2001) and incorporating dissolution of Ca and Si has 
now become a requirement in the development of new bioactive glasses (Hench and Polak, 2002). 
Hydroxyapatite surfaces were found to produce greater cell retention and proliferation than pure Ti 
surfaces, suggesting potentially superior bone regeneration properties (Wilke et al., 1998). New 
bioactive glasses could soon overtake metals as the biomaterial of choice in certain situations. 
Different compositions of bioactive glasses are discussed in Table 2.7 
 
One of the initial criteria during the development of a bioactive glass was that any potential 
biomaterial must be able to dissolve or degrade safely within the body. Herein suggests a slight 
difference between Ti foams and bioactive glasses in terms of its primary function. As mentioned 
earlier, the development of Ti as an implant material, such as its foaming or surface treatments, was 
to improve its function as bone fixation device, i.e. to produce a stable and strong bond to bone. For 
bioactive glasses, its aim is bone regeneration, i.e. the stimulation of natural regeneration of bone, 
such that after some time the bone defect has fully healed and returned to its original state. The ‘gold 
standard’ for bioactive materials would be to emulate the behaviour and relative success of autografts 
in similar situations. Allografts are also popular, but suffer from limited incorporation due to 
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rejection – leading to a heightened immune response, resorption and possible infection (Graham et al., 
2010). This means that the design of bioactive glass scaffolds for long0bone defects have a different 
set of specifications to bone fixation devices. The term ‘scaffold’ is particularly suitable for an 
implant designed to these specifications as it suggests a temporary structure that guides bone growth 
until fully healed. An ideal scaffold should (Jones et al., 2006): 
a) Be a 3D construct to guide bone repair whilst maintaining the shape and structure of the bone 
during repair. 
b) Stimulate a bone repair response within the body by recruiting the necessary cells and 
helping the differentiation of cells towards osteogenesis.  
c) Be soluble or degradable in the body over time preferably by enzymatic or by osteoclastic 
action, so that the material breaks down in tandem with new bone growth and remodelling 
d) The degradation products to be non0toxic to the body. 
e) Similarly to Ti foams, the scaffold should ideally be porous, form a direct bond to bone and 
have suitable mechanical properties for its function. 
 
Other considerations such as scalability of the manufacturing process and a flexible processing route 
to create diverse shapes and sizes cannot be ignored, if the scaffolds are to become commercially 
successful. Its ease of handling is also important: surgeons must be able to mould and shape the 
material before implantation. 
 
Table 2.7 Summary of bioactive materials used for bone regeneration (Fu et al., 2011a; Jones, 
2013) 
Synthetic hydroxyapatite 
(HA) 
Synthetic HA is used due to its composition which closely 
resembles the mineral component of bone. Creating a porous HA 
structure drastically reduces its compressive strength and therefore 
not fit for load0bearing applications. Resorbs very slowly. 
Dissolution products do not stimulate osteogenesis. Endobone and 
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Interpore – porous HA substrates made by gel0casting. Naturally 
occurring porous structure like coral is treated to remove the 
organic phase and leave a porous HA structure. 
Silicon0substituted HA Small addition of silicon to HA increases osteogenic properties 
and shows much greater bioactivity than pure synthetic HA. A 
product, Actifuse, is created by a foaming method, creating pores 
within the granules before sintering. 
Tricalcium phosphate (beta0
TCP: Ca3(PO4)2) 
Dissolution products similar to that of HA, but resorbs quickly. 
Bioglass (45S5: 46.1mol% 
SiO2, 24.4% Na2O, 26.9% 
CaO, 2.6% P2O5) 
The original bioactive glass composition discovered by Hench. 
45S5 was found to be highly bioactive, more so than future 
compositions of other bioactive materials. The 45S5 composition 
has come in particulate form or as a monolith for middle ear 
prosthesis, spinal fusion and tooth surgeries. Sintering Bioglass to 
create a 3D structure causes crystallisation, which leads to reduced 
bioactivity. Commercial names: Perioglas, Novabone, Biogran, 
Novamin. 
Borosilicate glasses Substitution of SiO2 with B2O3 creates a material that dissolves 
faster. Creates HA on its surface similar to other silicate glasses, 
but has a more controlled sintering behaviour. 
S53P4 BonAlive (53.8mol% 
SiO2, 22.7% Na2O, 21.8% 
CaO, 1.7% P2O5) 
Particulate form. Longer time to resorb due to higher silica 
content. 
13093 (54.6mol% SiO2, 6.0% 
Na2O, 22.1% CaO, 1.7% 
P2O5, 7.1% K2O, 7.7% MgO) 
MgO included in the glass composition in order to increase the 
sintering window of Bioglass composition, but Mg also causes 
reduced bioactivity. Comes as particles or fibres. 
Sol0gel glasses Some typical compositions: 58S (60.0mol% SiO2, 36.0% CaO, 
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4.0% P2O5), 77S (80.0mol% SiO2, 16.0% CaO, 4.0% P2O5), 
70S30C (70mol% SiO2, 30% CaO) 
Simpler compositions as there is no need for Na2O, which was 
used in melt derived glasses to reduce the melting point. 
Production method leads to diverse shapes e.g. spherical 
nanoparticles, microparticles, small monoliths, foams 
Inherent nanoporosity that increases dissolution and therefore 
HCA formation. 
Difficult to produce large monoliths, but can incorporate a 
foaming step during gelation to produce high porosity foams. 
Brittle 
Biocomposites  Addition of a polymer matrix to the bioactive inorganic material in 
order to increase toughness for load0bearing sites. Typically uses 
poly(lactic acid), poly(glycolic acid) or poly(lactic0co0glycolic 
acid)  
Can lead to sudden loss of structural integrity, loss of bioactivity 
as inorganic component is buried in matrix  
 
 
Attempts to create a porous scaffold from the 45S5 composition however have not been as successful 
as first predicted, as crystallisation of the glass was shown to reduce bioactivity or create unstable 
degradation properties (Peitl Filho and Latorre, 1996). The use of particulate bioactive glasses have 
been extremely successful, but as powder can move and be dislodged inside the defect site, the uses 
of powder forms of bioactive glasses, such as NovaBone (NovaBone Products LLC, Alachua, FL), 
have been limited to areas such as the maxillo0facial regions and spinal surgeries. Porous granular 
forms of bioceramics have also shown to have bone0inducing properties and clinically applicable. In 
particular, Actifuse (Baxter U.S., Deerfield, IL), a silicon substituted calcium phosphate material has 
been successful as a bone void filler material in both rabbit and sheep defect models (Hing et al., 
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2006; Hing et al., 2007; Wheeler et al., 2007). It was found to be sufficiently stable over time to 
provide a framework for bone apposition and have highly osteoconductive surfaces that allow early 
bone formation (Hing et al., 2007). The slower degradation of Actifuse was attributed to remodelling 
rather than dissolution when compared to calcium sulphate materials, reducing to roughly half its 
volume over the course of several months (Wheeler et al., 2007). These commercial products, whilst 
extremely clinically relevant and important, are not yet fully flexible to accommodate high cyclically 
load0bearing sites such as in the femur. 
 
This has led to the development of new bioactive glass compositions to cater for the sintering process 
(Bellucci et al., 2011; Wu et al., 2011) or a different processing route. A sol0gel route to polymerise 
tetraethylorthosilicate (TEOS) in acidic conditions to form a glass network was suggested in Hench 
et al. (Hench and West, 1990). The simpler compositions that can be used for sol0gel glasses and the 
lower processing temperatures are beneficial from a practical point of view. The gelling process also 
forms a nano0textured surface that results in much higher dissolution rates that improve bioactivity 
when compared to melt0derived 45S5 glasses (Sepulveda et al., 2002b). The nano0porous texture also 
could be tailored to have preferential protein interactions (Lin et al., 2011). Most importantly, 3D 
porous scaffolds can be produced from the sol0gel process by introducing a foaming step before 
gelation (Jones et al., 2006). This means that sol0gel foams not only have a nanoporous texture but 
also large pores and interconnects greater than 500 µm and 100 µm respectively, important for bone 
ingrowth (Sepulveda et al., 2002a). The controllability of the final properties of sol0gel scaffolds also 
makes the sol0gel process extremely promising. Careful sintering allowed control over mechanical 
strengths such that they can be matched to cancellous bone (Jones et al., 2006) and controlling pH 
and temperature of the reaction could control porosity and network connectivity (Valliant et al., 
2012). A diagram of the sol0gel foaming process is shown in Figure 2.6.  
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Figure 2.6 Foaming process for sol4gel scaffolds 
 
These porous bioactive sol0gel scaffolds have been shown to be osteogenic, by the formation of 
mineralised matrix and vascular networks and also show positive osteoblast and osteoclast activities 
(Midha et al., 2013b). When implanted into small animals, sol0gel 70S30C glasses were shown to be 
osteogenic only after pre0treatment (Midha et al., 2013a). More recently, sol0gels are introducing an 
organic component to improve the mechanical properties of bioactive glass scaffolds (Mahony et al., 
2010; Valliant and Jones, 2011). 
 
There are other methods of producing porous bioactive glass foams: freeze casting creates an 
oriented pore structure along the freezing direction with high porosities, but generally forms small 
elongated small pores which are not considered ideal for bone growth (Fu et al., 2010; Song et al., 
2006) or by solid free form (equivalent to additive manufacturing) which can produce highly 
organised structures with designed pore sizes (Fu et al., 2011b).  
 
2.3 X"ray microtomography  
 
X0ray microtomography or X0ray computed tomography (µCT) refers to the non0invasive, non0
destructive X0ray imaging tool used successfully for the study of materials. X0rays, as part of the 
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electromagnetic spectrum, typically have energies in the range of 0.1 – 100 keV with wavelengths in 
the region of 0.01 and 10 nm (Van Grieken and Markowicz, 2001). The advantage of being non0
destructive, non0invasive and providing 3D data, are extremely useful in materials characterisation, 
failure analysis, non0invasive micrography and characterising internal geometry (Bossi and Knutson, 
1994).  
 
2.3.1 Basics of µCT 
The mathematical foundations for CT image reconstruction was presented by Cormack in 1963 
(Cormack, 1963), which was followed by the production of CT scanners by Hounsfield (Hounsfield, 
1973) and Feldkamp (Feldkamp et al., 1989). Feldkamp noted that X0ray tomography was 
particularly good for imaging trabecular bone because of excellent contrast between mineralised and 
unmineralised bone and the improving spatial resolution of CT scanners have allowed imaging in 
greater detail ever since. 
 
The general equation for the attenuation of X0rays for a homogeneous object is given in equation (2.1) 
 ⁄  =  exp"−μ%& (2.1) 
Where  is the intensity of the X0ray beam at the source and I is the attenuated X0ray intensity after 
travelling distance x through a material with a linear attenuation coefficient µ. As the X0ray travels 
through an object, the light is either absorbed by the material, either by interactions with the electrons 
or the nucleus, or can be scattered. Denser materials have higher attenuation coefficients due to the 
larger number of potential interactions of X0rays with electrons. The linear attenuation coefficient, µ, 
then is a descriptor of the probability of these interactions, and is a measure of the amount of X0ray 
energy that is absorbed across a unit thickness of material. As µ is dependent on the local mass 
density of the material (Maire et al., 2001), dividing µ by the material density, ρ, gives the mass 
attenuation coefficient, which describes the attenuation loss of an X0ray per unit mass (equation 
(2.2)). 
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 ⁄  =  exp '− μ() (% (2.2) 
 
The sum of the attenuations over a small thickness δx at position s along a particular X0ray s gives 
the form: 
 =  exp '− * μ"&) + (2.3) 
Rewriting the equation above leads to:  
* μ"&+ = ln ' ) (2.4) 
 
The measurement of  ⁄  across a number of different ray directions (i.e. radiographs at different 
angles) then provides the means for reconstruction. For very simple shapes, the reconstruction can be 
simple: by detecting where the X0ray attenuation changes with viewing angle. In more complicated 
overlapping structures, poorly contrasting features or anisotropic shapes, a large number of 
radiographs (ideally over 180
o
) must be made. The quality of reconstruction then relies of the 
sampling number of the object (i.e. the spatial resolution) and the number of angles or viewing 
directions used.  
 
Filtered back0projection (FBP) is the most common method of reconstruction and is derived in full 
by Feldkamp et al. (Feldkamp et al., 1984) for fan and cone beams (for synchrotrons, the fan beam 
algorithms can be adjusted for parallel beams). The reconstruction is an approximation of the 3D 
volume from its projections, whereby the total density at any point r, is taken to be the sum of the 
contributions from all planes that pass r. Each angle provides a new projection, from which the same 
row refers the same plane within the object. A stack of the contributions of each projection is in a 
similar form to the Radon transform (Radon, 1986) and is called a ‘sinogram’ (Figure 2.7). The 
Radon transform of an image can be defined as a series of line integrals at different angles. To 
reconstruct an image from a set of sinograms, the inverse Radon transform is applied to an image. A 
discretised approximation of the inverse Radon transform provides a back0projected 3D volume. For 
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FBP, the sinograms are filtered using a high0pass filter in frequency space (using a Fourier transform) 
to improve the edge definition in reconstructions (a high0pass filter enhances the high intensity 
gradients in an image).  
 
Figure 2.7 (a) X4rays pass through the object being imaged and reach the detector creating the 
projection result shown. This is done at many angles. The collation of these projections produces 
a sinogram as shown in (b). Images adapted from (Hayden, 2005) 
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One of the limitations to µCT is the need to compromise sample size with resolution. Usually, for 
complete information during reconstruction, the entirety of the object being scanned should be inside 
the field of view of the detector (Kak and Slaney, 2001). As detectors have limited size and pixel 
density, the sample size and obtainable spatial resolution is inversely proportional, meaning to scan 
larger samples limits the minimum size feature that can be reliably distinguished. To get improved 
spatial resolution for a larger sample size, larger (more pixels) detectors could be used, but is 
expensive and inefficient. Many radiographs that are offset from each other can be stitched together 
to produce a single projection, but increases scanning time and is computationally expensive. A 
method of local reconstruction or region of interest (ROI) tomography was demonstrated by 
(Kyrieleis et al., 2011) using FBP using partial projections (In local tomography, information along 
the outermost regions of each projection is not ‘useful’ i.e. that region does not correlate with future 
projections thus not used during reconstruction. This is called a partial projection). There were some 
limitations, such as the long path length of the X0rays which led to more artefacts arising (e.g. beam 
hardening – explained in more detail in Section 2.3.2) due to greater attenuation of the X0rays. An 
increase in noise from local FBP was counteracted by increasing the number of projections and from 
which the quality of the results were shown to be similar to whole sample scans. The ROI 
tomography technique was implemented in Chapter 4 to study the structure of Ti foams at high 
resolutions. 
 
Another compromise is the size of the X0ray source, which also affects the spatial resolution that can 
be obtained. A large source spot size leads to blurring on the edges of the image (penumbral blurring), 
whilst creating a finer spot size by use of a collimator limits the X0ray intensity or decreased flux by 
using a lower0energy electron beam (Ritman, 2004). This will reduce the quality of the scans by 
limiting the contrast or require an increase in scanning time.  
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2.3.2 Artefacts 
Artefacts are common in µCT, and they are detrimental to the quality of reconstructed data which 
impacts quantification values. There are many sources of artefacts arising from µCT, from sample 
movement to general noise, and so the causes of the artefacts must be known to suppress or remove 
them from the image. The artefacts described below are the most relevant to the work ahead. 
 
2.3.2.1 Aliasing artefacts 
As the reconstruction algorithm is an approximation of the object being scanned, the quality of the 
final reconstruction relies on the number of projections taken and the samples per projection (i.e. the 
number of pixels across the CCD). Having too few projections will lead to the reconstruction having 
streaky lines as there is insufficient information, whilst having too few samples per projection will 
lead to blurry images. The rule of thumb is the number of samples per projection should be at least 
equal to the number of projections taken, although 
.
/ ∙ 1 is recommended where N is the number of 
projections taken  (Stock, 1999).  
 
2.3.2.2 Beam hardening 
For polychromatic sources, the emitted X0ray beam is a spectrum of different energies, the shape of 
which typically depends on the voltage across the cathode and anode and the anode material used (in 
this case tungsten). As the X0ray beam passes through a material, the lower energy photons are 
absorbed more readily, leaving the higher energy X0rays to pass through the remainder of the 
material. As the energy profile of the beam changes, the apparent X0ray absorption changes leading 
to an image that is brighter on the outside and darker on the inside, known as ‘cupping’ (Stock, 1999). 
The occurrence of beam hardening means that accurate quantification of the local densities along an 
X0ray path is extremely difficult.  
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To correct for this artefact, filters can be used that remove the low energy X0rays at the source or by 
measuring a wedge phantom that approximates the amount of beam hardening in a scan. Filters are 
typically made of copper or steel. The use of a monochromatic X0ray source (e.g. as in many 
synchrotron sources) or dual energy techniques can also correct beam hardening artefacts post0
scanning, but lengthens scan times.  
 
2.3.2.3 Metal artefacts 
For an X0ray beam to penetrate a thick, dense material, the X0ray energy must be sufficiently high. 
When the linear attenuation coefficient is so high that the X0ray signal that reaches the detector is 
very low, this will cause a bright halo or streaky lines leaching into the pixels surrounding the dense 
object in the reconstruction (Stauber and Muller, 2008). Metals most frequently exhibit this problem. 
When imaging metal implants with bone and soft tissues, a compromise in X0ray energy is made as 
too high energies will create poor contrast in the bone and soft tissue phases, whilst too low energies 
can exacerbate the metal artefacts. In the past, the presence of beam hardening artefacts severely 
limited the X0ray imaging of metals, but improved algorithms and the use of 2 mm aluminium or 
10 mm polymethylmethacrylate filters have reduced these effects (Jaecques et al., 2004; Koseki et al., 
2008; Tuy, 1993; Wang et al., 1996; Wei et al., 2004). When metals are fully opaque to X0rays, this 
causes the projections to show no information in the area behind the surface. In these cases, Lewitt 
and Bates (Lewitt and Bates, 1978) developed an algorithm that interpolated the missing data in the 
projections, thus improving the overall reconstruction and this algorithm was successfully 
implemented in the study of in vivo hip implants (Hinderling et al., 1979). An improvement on the 
polynomial interpolation algorithm, was a smoothing0scaling method that was developed due to the 
difficulties in interpolating the bone profile in scans of in vivo metallic implants (Wei et al., 2004). 
The bone is first thresholded and smoothed such that the bone has similar intensity to soft tissue. The 
metal is also thresholded and its image profile is corrected by polynomial interpolation. The two sets 
of images are used to create new projections from which the corrected image is reconstructed. A 
similar method proposed by Koseki et al. (Koseki et al., 2008) used a simple thresholding of the 
Background 69 
 
 
 
metallic areas from an initial scan, to refine the projections of the next scan by subtracting the 
artefacts from the reconstruction. Although this method is seen to be very successful in simple or 
repeating structures, there were limitations in its ability to reduce metal artefacts in complex or 
overlapping structures, making these projections0based algorithms less effective in complex porous 
Ti structures where the relative pore space is limited. Both methods require additional scanning times 
in order to obtain information of the metallic structure prior to correction. A comparison of the two 
techniques is shown in Figure 2.8.  
 
Wang et al. (Wang et al., 1996) adapted an ‘expectation maximisation’ (EM) formula to produce an 
iterative reconstruction technique as opposed to filtered backprojection. The EM algorithm is an 
algorithm applied to statistical models to reach an optimum estimate of the parameters involved by 
repeating the expectation and maximisation steps. This approach is extremely computationally 
expensive.  
 
 
Figure 2.8 (a) Shows two metal prostheses inside a patient before metal artefact 
correction, (b) shows the prostheses after being corrected by the polynomial 
interpolation by Wei et al. The next two images shows the reconstructed data of a Ti 
structure before (c) and after (d) correction by the algorithm proposed by Koseki et al. 
Images (a) and (b) were adapted from (Wei et al., 2004); (c) and (d) from (Koseki et al., 
2008) 
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Despite both methods being very promising, metal artefacts were not corrected at the projection stage 
as the software for these was not available in the equipment used for this work. In order to minimise 
metal artefacts, a 2 mm aluminium filter was placed in front of the X0ray source in order to absorb 
low energy X0rays. Also, a post0reconstruction algorithm was developed to accommodate for metal 
artefacts in quantification – see section 3.2 for more information. 
 
2.3.2.4 Ring artefacts 
Ring artefacts can occur due to dust interfering with the detector or dead pixels. These cause a blank 
pixel in the projections which manifest as rings on the reconstructed volume. These are easily 
removed by removing dead pixels from the reconstruction by appropriate bright0field calibration 
images or post0reconstruction image analysis (Rashid et al., 2012). 
 
2.3.3 Image enhancement 
After reconstruction from µCT, the 3D volume data is made up of an array of [x, y, z] voxels. Each 
voxel will contain a greyscale value ranging from 0 to 256 in 8 bit data or 0 to 65536 for 16 bit data 
depending on how much X0ray energy reaches the scintillator. Regardless, the result from filtered 
back0projection will generally require some level of enhancement in order to make datasets 
comparable and to extract features as automated and unbiased manner as possible. As a voxelised 
dataset is an approximation of the original 3D object, there will be ‘fuzzy edges’ where the material 
only partially intersects a voxel, giving a greyscale value between the two phases. This is represented 
in Figure 2.9 in a 3x3 array, whereby the red line represents the true edge of a feature. Pixels that fall 
fully inside the feature are given the value 1.00 and pixels that fall outside are given the value of 
0.00. 
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When the edge of a feature dissects a pixel, the pixel is only partially filled to which its value is 
proportional to the area filled by the feature. When these are represented in greyscale, as in Figure 
2.9, these particular pixels need to be differentiated into pixels that are considered either part of the 
feature or not, commonly known as thresholding (thresholding techniques are discussed in more 
detail in section 2.3.4). 
 
In order to improve image quality before analysis, there are a number of image enhancement 
techniques. Generally these range from artefact removal, noise reduction and intensity rebalancing 
from a variety of filtering and manipulation techniques, the most important of which are discussed 
below.  
 
2.3.3.1 Histogram manipulation 
A histogram of a dataset represents its distribution of greyscale values. Different phases will be 
represented as peaks in the histogram, their relative positions depending on its X0ray attenuation. 
Despite the same scan settings, the position of peaks in the histogram will vary from scan to scan. 
Normalisation of histograms involves stretching and translation of the dynamic range of the 
histogram such that peaks in separate histograms are aligned to a pre0defined reference (Figure 2.10). 
Stretching the dynamic range can improve contrast in the image but also has the drawback of 
simultaneously increasing background noise.  
 
Figure 2.9 Example of fuzzy voxels that lead to uncertain edges 
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Figure 2.10 Histogram manipulation of original histogram (dotted black line) such that the 
peaks are aligned to a reference value, such as a reference histogram, by scaling (dotted red line) 
and translating (solid red line) 
 
The normalisation of histograms makes future analysis steps much easier, such as in thresholding, 
where a common greyscale value can be determined as the threshold value. 
 
2.3.3.2 Filtering 
There are a large number of different filtering techniques that can be employed in the enhancement of 
3D volumes. For the sake of simplicity, the function of these filters will be described in 2D, although 
most filters will be applied in 3D. The most common and easiest type of filtering is using a 
smoothing filter to reduce noise in an image. A simple and effective smoothing filter would be a 
median filter that is based on the use of a kernel to identify the neighbouring cells. A 3x3 (or larger) 
kernel represents the 8 immediate neighbours in contact with the central pixel (Figure 2.11). The 
median value of all 9 values is calculated and the result is input as the value for the central pixel. 
Similarly, for a mean filter, the mean value of the values in the kernel is calculated. Larger kernel 
sizes can be used to increase the smoothing effect, but this leads to greater blurring of edges, which 
can make features indistinguishable.  
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Figure 2.11 Showing a 3x3 kernel for a pixel; neighbour pixels in 2D are shown in grey 
 
A variation of the median filter is the Gaussian filter, which is a smoothing filter where the weighting 
of each value in the kernel is based on a Gaussian curve. For example, in a 3x3 kernel used in a 
median filter, the weight of all 9 pixels would be equal, i.e. 1/9
th
 weighting given to each for a sum of 
1. In the Gaussian filter, the weight of each pixel in a 3x3 kernel would be determined by the 
discretisation of the Gaussian distribution, which is defined by its width or σ value: see Equation (2.5) 
for the 2D Gaussian filter. A high value of σ leads to a larger blurring effect as neighbouring pixels 
are given more weight. The Gaussian filter removes ‘high frequency’ components from an image and 
therefore is classified as a low0pass filter.  
 
2"%, 4& =  1278/ 9
:;<:/=:  (2.5) 
Where x and y are the points along the two directions along which the filter is applied (axes) and σ is 
the standard deviation of the distribution. 
 
The weakness with using the basic low0pass filters described above is that these filters are not 
sensitive to features, which means that they will remove noise but also smooth the edge, a problem 
that is highlighted by Canny (Canny, 1986). This is especially important when studying very thin 
features. To improve upon this, edge0preserving (EP) and ‘anisotropic diffusion (AD) filters were 
developed. Both filters act in a similar fashion; that is, to blur regions that are considered the same 
phase, whilst retaining the edge information as much as possible.  The EP filter is essentially a 
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smoothing filter which has reduced effect when near edges. The edges are determined by the gradient 
of the image and a threshold value below which no smoothing occurs. When above the gradient 
threshold, a Gaussian filter is applied. More details of the EP filter is given by (Weickert et al., 1998). 
The AD filter works by comparing the value of the current pixel to its neighbours by a diffusion stop 
value. When the value difference between the pixel and its neighbour is less than the diffusion stop 
value, Gaussian smoothing occurs, whilst if the difference is greater, no smoothing occurs. In this 
way, areas with a high gradient (i.e. strong edge), are retained, whilst areas of low gradient are 
effectively flattened over a number of iterations. Anisotropic diffusion is outlined in more detail in 
(Perona and Malik, 1990). 
 
2.3.3.3 Binning  
Binning refers to the compression of data by combining information from several voxels into one. An 
image or volume can be reduced in size by a factor specified by the user. There are several methods 
to combine voxel information; mean, median, minimum, maximum, etc., all of which have their own 
merits. As an example, if a 3D volume of dimensions 512x512x512 were to be binned by a factor of 
2, the resultant volume would be 256x256x256 in size, but with half the resolution. In terms of 
tomography information, this is akin to doubling the voxel size. Although binning leads to 
information being lost, the biggest advantage to binning datasets is the reduction in file size, 
especially important when using computationally expensive operations such as anisotropic diffusion. 
 
2.3.4 Image segmentation and feature extraction 
Image segmentation refers to the identification of regions within an image into separate 
distinguishable units or features. In order for reliable quantification of µCT volumes, the technique 
used to segment certain features will depend on what feature is being quantified, the relative size of 
the feature to the voxelsize and the value that is being measured. 
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The first step in segmentation is thresholding which is the classification of pixels (usually into black 
and white). From µCT volumes, all the pixels in the volume can be designated a single value, say 0 
or 1, based on its intensity. For example, a piece of metal was scanned and from the reconstructed 
image the solid region was needed. The voxels of solid material, which would have a higher intensity 
value than air, could be assigned the value 1, whilst the remaining voxels would be assigned the 
value 0. The method of determining the optimum ‘threshold’ value of intensity above which voxels 
are considered ‘solid’ and below which voxels are considered ‘air’ is the main problem that is tackled 
in image processing. 
 
The easiest ways to determine this value is based on the histograms. In an ideal case, the threshold 
value would be assigned by using a value in between two discrete peaks in the histogram. When an 
image is noisy this can blur the histogram and making it difficult to find the valley point. These can 
be overcome by valley sharpening or deconvolution of the histogram peaks (Weszka et al., 1974). 
One of the most well0known and widely used thresholding techniques was introduced by Otsu (Otsu, 
1979), where the optimum threshold value was found by maximising a discriminant criterion value 
based on the probability distributions of the voxels in an image. This method was also applicable to 
multi0level thresholding (e.g. solid, liquid and air) which made it a useful thresholding tool. It also 
removed the user bias as it automatically optimised the thresholding from the histogram. 
 
Edge detection is a tool that can assist in proper segmentation. Edge detection uses first order or 
second order derivatives to determine gradient direction which is perpendicular to the edge itself. As 
noise can be extremely detrimental to edge detection, most techniques undergo a smoothing and 
localisation step in order to minimise the number of false edges (Canny, 1986).  
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2.4 Quantification of images from µCT 
 
There are three important considerations in quantification: (1) the specific definition of what is being 
measured, (2) the region0of0interest (ROI) from where the measurements are made and (3) the 
parameters that are measured from quantification. 
 
2.4.1 Quantification of bone 
2.4.1.1 What is an ROI? 
There can be considerable confusion when different authors describe and report bone using 
interchangeable terms or without defining terms beforehand. For example, the general term ‘bone’ 
can mean different things in different contexts. The strict definition of bone is the mineralised bone 
matrix, whereas in histology it is more common to refer to measure the bone matrix and osteoid 
(bone matrix that has not mineralised) (Parfitt et al., 1987). Bone can also refer to the bone tissue, i.e. 
the mineralised matrix and other soft tissue that forms a ‘bone’. In terms of µCT quantification, 
measurements of bone are generally restricted to the mineralised bone matrix as it is the mineralised 
part of the bone that give high contrast X0ray images. The definitions of bone, bone structure and the 
terms that are used to describe bone were discussed in Chapter 2 Section 2.1. 
 
In 3D volumes, the terms ROI and volume0of0interest (VOI) are often used interchangeably and 
refers to a specific volume. For the sake of clarity, VOI will be used to refer to 3D regions and ROI 
will refer to 2D regions. 
 
The ROI is an important facet of quantification as it is the ‘window’ from which quantification 
measurements are made. They can represent the entire area from which the measurement is being 
made, or can be used to sample several areas and can take different shapes. The difficulty in judging 
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whether or not the ROI to be used is appropriate is due to the variability of bone in terms of shape, 
size and properties. The anisotropic properties of bone are well known (Iyo et al., 2004; Ketcham and 
Ryan, 2004; Sansalone et al., 2010), which are a result of the physiological differences, for example, 
between the epiphysis, metaphysis and diaphysis regions in long bones. The distinctions between 
these regions are not rigid and one region will gradually blend into the other, which can make the 
placement of the ROI problematic. Bone is also highly adaptable (Burr et al., 2002; Fuchs et al., 
2009; Hsieh et al., 2001) and this affects its density and the macrostructure of cancellous and cortical 
bone. There is also natural intraspecies variation in terms of the size, length, and thicknesses of bone. 
All of these factors affect the optimum size and positioning of the ROI. 
 
The µCT of small animals, in particular, also make the determination of VOIs difficult. In rats or 
mice, the heterogeneity in skeletal sites means that inadequate VOI selection can lead to greatly 
varying results. In this case, the choice of voxel size is very important as the voxel size must be fine 
enough that a VOI is of sufficient dimensions for statistically relevant measurements. For in vivo 
experiments, any human error in surgical technique, such as defect or implant placement is magnified 
in small animals.  
 
2.4.1.2 2D and 3D ROI 
There has been some attempt to standardise a method for ROI selection, but different authors will 
have different ROIs usually limited by their sample size, scan quality or animal model they are using. 
For cancellous bone, an ROI of at least three to five inter0trabecular lengths has been suggested 
(Harrigan et al., 1988). The guidelines set by Bouxsein et al. suggests the position of the ROI should 
be based on its distance from a common anatomical landmark (Bouxsein et al., 2010). Whilst having 
a set of guidelines for all researchers to adhere to is important, these did not address the key problems 
in finding the appropriate ROI.  
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Despite using a 3D imaging tool such as µCT, some 2D ROIs have been employed. In one study, a 
circular ROI was used on a cross0sectional slice to measure the mean intercept length of trabeculae, 
the equivalent of its stereological method of measuring the anisotropy of trabecular bone (Fajardo 
and Müller, 2001). In another study of µCT of porous materials, a boundary corrected 2D ROI was 
developed to measure surface roughness and surface porosity in porous materials (Spowage et al., 
2006). These were new parameters that could be measured because of the standardised and 
automated method of VOI selection.  
 
Two0dimensional ROIs were quickly extended to 3D, mostly using simple shapes such as cubes or 
spheres for their ease of creation. Hildebrand et al. (Hildebrand et al., 1999) who were one of the first 
to develop 3D parameters for cancellous bone used a cubic VOI of 1 mm
3
. An improvement on using 
a user0positioned cube VOI was suggested by Hanson and Bagi (Hanson and Bagi, 2004) by 
positioning the VOI a fixed distance from the growth plate of a tibia. Although this does standardise 
the placement of VOIs, a fixed distance does not take into account the relative size of the bone, 
where 1.5 mm is effectively a greater relative distance from the landmark for a shorter leg than it is 
for a longer leg, potentially measuring different regions of the bone.  
 
2.4.1.3 Dimensions, shape and location 
Another consideration that was raised was what are the ideal dimensions for a VOI? For some early 
studies, the VOI size was kept constant even across different skeletal sites (Hildebrand et al., 1999; 
Ulrich et al., 1999), meaning that the statistical sampling at each site was different. This problem of 
differing sampling area was highlighted by Fajardo and Muller (Fajardo and Müller, 2001) who 
noticed that the same size of VOI was used, despite bone samples that differed in length by a factor 
of two. They concluded that uniformly sized VOIs would oversample for relatively smaller bones 
and undersample for larger bones. This is particularly apparent in small animal studies as the 
difference in the size of limbs can be more pronounced leading to size0biased quantification using a 
uniform VOI. 
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A study using a set of differently sized VOIs was reported, comparing the results of bone parameters 
measured from different VOIs and thus directly tackling this question (Yan et al., 2011). They 
observed that as the VOI became larger (i.e. representing a larger proportion of the total sampling 
volume), the measurements became more uniform (see Figure 2.12). From this they concluded that 
there was a minimum size VOI that could be used to quantify reliably in their case, however a fixed 
size VOI ignores the underlying structure that is being measured. A similar study on the 
characterisation of an alginate/hydroxyapatite porous scaffold used a VOI described as the 
‘representative elementary volume’ (REV), defined as the smallest sized cube where the measured 
porosity was constant, although the data was not shown. The conclusion from these reports was that 
in general, maximising the sampling area would lead to the most accurate quantification. This would 
mean that an appropriate size VOI should relate to the size of features being quantified, size of the 
limb or organ or the size of the defect. 
 
In Boerckel et al., a 6.3 mm0long cylinder was taken as the VOI size for a femoral defect (Boerckel 
et al., 2011) using a 5 mm diameter VOI for the defect area and a larger 7 mm diameter for ‘total’ 
VOI which included the soft tissue around the defect. By studying these two different regions, 
highlights the problem in how ‘good’ a VOI being employed is. In this particular study, the defect 
VOI was able to find significant differences in vascular volume and connectivity at early time0points 
which could not be identified when using the total VOI – showing that using a different size VOI can 
lead to different interpretations of the same result.  
 
In another study comparing VOI sizes, it was suggested that even small VOIs could be used for the 
estimation of some parameters (such as porosity) if the mean of several are taken, whilst for 
parameters using skeleton analysis required sufficient nodes within the VOI (Brun et al., 2011).  
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Figure 2.12 Measurement of BV/TV (see Table 2.8) with increasing VOI size, where the 
measurements begin to stabilise. Data taken from (Yan et al., 2011) 
 
Different shapes other than cubes are also widely used for VOIs, spheres (Fajardo and Müller, 2001; 
Ketcham and Ryan, 2004; Ryan and Walker, 2010). Ketcham et al. (Ketcham and Ryan, 2004) 
suggested that features oriented 45
o
 in cubic VOIs were more likely to be included and therefore 
preferentially quantified, thus making the use of a spherical VOI more appropriate. A scaled 
spherical VOI was developed in another study, both centering and scaling the VOI based on the best 
fit of the articular surface in femoral heads (Ryan and Walker, 2010). This work addresses both the 
size and the location of the VOI in an unbiased way taking into account the individual variance. The 
size was scaled to some proportion of the entire femoral head – this means that a proportionally 
larger VOI will be used for larger femoral heads. The location of the centre of the sphere was also a 
ratio – the centre of the sphere was the geometric centre of the femoral head, rather than some fixed 
distance from an anatomical feature on the femoral head surface. Again, this means that the location 
of the VOI is identically placed relative to the bone that it is in. 
 
Irregular shapes were also employed in order to maximise the sampling area such as semi0cylindrical 
VOIs (Foldager et al., 2009). Clearly, in 3D there is no need to limit the VOI to be a regular shape 
especially when features are non0regular themselves. However if the VOI then conforms to the shape 
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of the bone e.g. the femoral head, the question arises: where does the femoral head end? The outside 
edge is defined by the thickness of the cortical bone, but finding the inside edge of such a VOI is not 
as obvious. On top of this, simply making the entire feature become the VOI simply means that the 
variance in quantification results reflect the variance between different animals, which has then not 
properly addressed the inherent problem. 
 
More advanced techniques used have been conformed shapes, by segmentation methods (Buie et al., 
2007) or by iterative dilation/erosion (D/E) method (Ylä0Soininmäki et al., 2013). In Yla0Soininmaki 
et al. (Ylä0Soininmäki et al., 2013), the VOIs were used to characterise porous scaffold and bone 
graft particles. Using a convex hull approach to determine the VOI was deemed to overestimate 
surface pores, whilst using a shrink0wrapping algorithm excluded surface pores altogether both of 
which skewed porosity measurements. Although their final results showed that a significant 
difference between a spherical and their proposed D/E fitted VOIs was only present in some cases, 
this work is extremely important as it compares different automated methods of VOI shape and size 
and thus removing bias in VOI selection in µCT quantification. – A summary of some of the typical 
approaches in VOI creation is shown in Figure 2.13. 
 
The orientation of VOIs is rarely discussed in literature, despite playing a big part in variance 
between samples. Good implant positioning has long been a problem for successful surgeries. Studies 
have shown that bone parameters (such as BV/TV, Tb.Th, Tb.N) can differ significantly depending 
on implant location (Bah et al., 2011; Barrack, 2003; Gabet et al., 2008). It is nearly impossible for 
surgeons to place implants in the same relative location, in the same relative orientation. Additionally, 
it is equally difficult to place samples (especially bone or in2vivo samples) in the identical orientation 
in µCT. These problems have already been highlighted by other users of µCT imaging bone 
(Waarsing et al., 2004a). The orientation is the least considered of the three properties of VOI and 
most commonly the VOI will simply be oriented to the z0direction of µCT image, despite scanning 
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orientation being a highly user0dependent process. Spherical VOIs minimise this by being 
orientation0free and so only 3D location is important.  
 
The impact of shape, size and orientation of the VOI in quantification is significant. This is especially 
important when quantifying bone ingrowth in implants, as the implants themselves can vary in terms 
of their implantation location and orientation. If more care was taken in considering shape, size, 
location and orientation of the VOI, quantitative data from even separate animal studies could be 
comparable and discussed. At present, the variability in VOI is an added complication on top of 
animal0to0animal variance. This thesis presents an approach to quantifying bone ingrowth by an 
unbiased and customised VOI specific to each case, but obtained using the same method.  
 
 
Figure 2.13 A selection of methods to create a VOI – (a) convex hull, (b) contour4fitted or ‘shrink4
wrapped’ (c) iterative D/E, (d) spherical, (e) conformed shape. Adapted from (a)4(c) (Ylä4
Soininmäki et al., 2013), (d) (Ryan and Walker, 2010), (e) (Fajardo et al., 2007) 
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The last consideration leads into the methods and theory of how features of bone and implant 
materials are quantified. 
 
Before the advent of µCT technology, the quantification of bone was carried out almost exclusively 
by histological techniques. As histology involves the study of 2D sections, its primary measurements 
are limited to 2D parameters such as an area or length (such as a perimeter or distance between two 
features) (Parfitt et al., 1987). For 3D measurements, were the extrapolations from 2D measures from 
serial sections and reported as volumes, surfaces and thicknesses rather than areas, perimeters and 
widths. The naming and abbreviation convention for bone histomorphometric parameters were 
consolidated by Parfitt et al., which forms the basis of all bone quantification reporting (Parfitt et al., 
1987). The standard format suggested in this report was to take the following form: Source – 
Measurement. The source refers to a particular structure within the bone from which the 
measurement is being made (e.g. cortical bone would be given the abbreviation ‘Ct’. Therefore when 
measuring the cortical bone thickness, the abbreviation would be given as ‘Ct.Th’). 
 
With the introduction of µCT, 3D quantification of bone became significantly easier and more direct 
measurements could be made leading to the development of new 3D parameters, mostly quantifying 
trabecular bone (Hildebrand et al., 1999; Odgaard, 1997; Odgaard and Gundersen, 1993). New 3D 
parameters that have been developed for trabecular bone are direct measurements for the connectivity 
and anisotropy of cancellous bone (Odgaard, 1997) and a distance0transform method of directly 
measuring trabeculae thickness (Hildebrand et al., 1999). Similar to Parfitt et al., a guideline to 3D 
quantification reporting of bone was created recently to take into account the latest parameters 
(Bouxsein et al., 2010). Some of the common parameters are listed in Table 2.8. 
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Table 2.8 Definitions of histomorphometric parameters of cancellous and cortical bone (Bouxsein 
et al., 2010) 
Variable Abbreviation Standard Unit 
Total Volume from region of interest TV mm
3 
Volume segmented as bone (trabecular) BV mm
3
 
Surface Area of bone (trabecular) BS mm
2
 
Bone Volume fraction (trabecular) BV/TV % 
Trabecular number Tb.N mm
01 
Trabecular Thickness Tb.Th mm 
Trabecular Separation Tb.S mm 
Cross0sectional Area of cortical bone Ct.Ar mm
2 
Cortical Area fraction Ct.Ar/Tt.Ar % 
Cortical Thickness Ct.Th mm 
 
 
Cortical bone, in contrast, has not been studied in as much detail, despite being a critical part in 
determining bone strength (Yeni et al., 1997). Burghardt et al. (Burghardt et al., 2010) applied a 
segmentation algorithm that had previously been developed (Buie et al., 2007) to measure 
morphologic parameters such as cortical bone volume, cortical porosity and cortical thickness in radii 
and tibiae of human patients. Microtomography was also used to quantify changes in cortical 
microstructure with age (Cooper et al., 2007) and intra0cortical porosity with disease (Borah et al., 
2010). 
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2.4.2 Quantification of implants 
The quantification of implant materials is a far larger and wider topic to discuss, and the specific 
quantification techniques that are employed are dependent on the material, its production method and 
what features or properties that are being measured. Direct analysis of µCT images can provide 3D 
measurements of the scaffold architecture and acts as a potential method of quality control in scaffold 
design (van Lenthe et al., 2007). The use of µCT for image analysis of porous structures was also 
validated with light microscopy by Kerckhofs et al. (Kerckhofs et al., 2008). Typical scaffold 
quantification will include macrostructural properties such as porosity, pore and interconnect size, 
geometry, distribution, connectivity and scaffold characterization such as strut thickness and surface 
roughness. A comparison of micro0CT and other techniques are summarised in Table 2.9. 
 
For simple porous structures, a theoretical approach to estimating porosity is viable, such as the mass 
technique. The mass technique measures the volume of material from dividing the mass by its density, 
which is then divided by the apparent volume of the porous construct. These values of porosity are 
highly dependent on the accuracy of the length measurements and the purity of the metal (precise 
density). In rapid prototyped porous structures with a repeating unit cell such as a honeycomb, a 
theoretical pore size can also be determined to compare with experimental techniques.  
 
 
Figure 2.14 Distance map of pores and the resulting watershed line, separating the pore space 
into two distinct regions 
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A simple experimental technique to measure porosity would be using the Archimedes’ method. The 
scaffold would be pre0wet with alcohol and submerged into water. The dry, soaked and suspended 
mass is measured and the porosity is calculated as follows: 
Porosity "%& = F GHIJ − GKL<GHIJ −  GMNO × 100 
(2.6) 
It is important to ensure that water has penetrated the entire porous structure otherwise could lead to 
an underestimation of the porosity –this is more likely in scaffolds with very small interconnects 
(constrictions) or hydrophobic surfaces. It is also not appropriate for scaffolds with closed cells.  
 
Mercury intrusion porosimetry (MIP) has been the most commonly used to obtain a pore size 
distribution. MIP is both a destructive technique and a measure of mercury pressure (apparent pore 
sizes are determined by its connectivity and interconnect size), which limits its usefulness as a 
characterization technique. The measurements of pore size and pore volume distribution are then 
indirect measurements, but does provide information such as pore cavity to throat ratio, surface area, 
permeability from its hysteresis loops. 
 
Microscopy techniques such as SEM can be used to provide important qualitative information such 
as pore shape and morphology, but is again very limited in its use as it only examines the surface, 
rather than the full volume. Stereological techniques can be used to estimate pore size, but is a 
destructive technique, requiring a conductive coating for organic specimens and physical sectioning 
to image the inside of the structure. Furthermore, sectioning of thin struts can lead to deformation and 
failure and would require resin embedding to cut safely.  
 
Gas pycnometry is used to measure porosity. Gas pycnometry uses changes in pressure when a 
scaffold is introduced into the system. Its accuracy is dependent on linear measurements of the 
scaffold volume and the absence of contaminants. Again, gas pycnometry cannot account for closed 
pores. Gas adsorption, which typically uses Ar gas, assumes that gas particles adsorb onto the surface 
in an orderly manner: it forms a single atomic layer first, before multi0adsorption layers. From this, it 
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is possible to derive the surface area, pore size distribution and total pore volume. The gas adsorption 
technique is particularly useful for high surface area scaffolds, such as sol0gel scaffolds, which 
produce a mesoporous surface. Volumetric methods are useful non0destructive techniques but still 
require complementary characterisation techniques to evaluate interconnectivity, strut thicknesses, 
etc., whilst µCT has the potential to measure many of these from the same scan. 
 
 Quantification of irregular pores, for example in freeze0dried foams, has been achieved using bubble 
point testing (Safinia et al., 2006). Bubble point testing is similar to MIP in that it calculates the 
limiting pore size by measuring pressure. In this case, the pores are required to be filled with a liquid 
of known surface tension and gas is forced through until bubbling point. 
 
Table 2.9 Summary of different techniques to characterise and quantify porous structures 
Technique Properties that can be derived Limitations 
SEM Pore size, strut size, porosity*, 
surface roughness* 
• Destructive 
• Mostly qualitative information 
Mercury 
porosimetry (MIP) 
Porosity, surface area/volume, pore 
size, permeability, pore cavity to 
pore throat ratio, pore tortuosity 
• Does not account for closed 
pores 
• Assumes cylindrical pores 
• Destructive 
Gas pycnometry Porosity • Relies on accurate 
measurement of dimensions of 
the scaffold 
• Does not account for closed 
pores 
Gas adsorption Porosity, pore size, pore shape, pore 
size distribution 
• Not applicable to low surface 
area samples (e.g. monoliths) 
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• Does not account for closed 
pores 
Micro CT Porosity, surface area, volume, 
interconnectivity, pore size, strut 
size, pore shape, surface roughness 
• Dependent on resolution 
• Bias in thresholding and image 
processing 
• Artefacts 
Bubble point test Maximum pore size, minimum 
interconnect size, pore size 
distribution 
• Not applicable to extremely 
small pores 
• Does not account for closed 
pores 
• Requires a liquid that fully wets 
the surface 
*Qualitative  
 
In contrast, µCT offers a means of direct measurement of pore sizes and interconnectivity. Porous 
materials that have been created by a form of bubbling or foaming, such as the bioactive glass 
scaffolds described in section 2.2.4, tend to have almost0spherical pore structures. Once the pore 
space has been successfully segmented from µCT images, joined pore structures are separated using 
a watershed algorithm (Mangan and Whitaker, 1999; Meyer, 1994). The watershed is a method of 
partitioning based on the distance map of the pores. Consider two circles that are joined together, that 
decrease topographically from the sides, making the centres of the circles their respective minima. 
‘Water’ that is poured into this pore space will flow to either of the two minima, dividing the pore 
space into separate ‘catchment basins’, where water poured from within each catchment region flows 
towards the same minima separated by the watershed line (Figure 2.14). In 3D, this would be the 
equivalent of a sphere and a watershed area. It is typical to smooth data beforehand in order to not 
over0segment as watershed lines will be formed at all local minima.  
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Separated pores can be modelled to spheres: the volumes of individual pores are modelled to a sphere 
of equivalent volume. The diameter of these equivalent spheres are what is reported as pore diameter 
(Atwood et al., 2004; Jones et al., 2009; Jones et al., 2007b; Singh et al., 2009). Interconnects or 
apertures of pores, are defined as the connecting throat between separate pores. Watershed lines 
provide a good estimation of interconnects (Figure 2.15) – these can be labelled and quantified by 
calculating the diagonal of its 3D bounding box (Atwood et al., 2004) or by measuring its area to find 
a maximum diameter (Jones et al., 2009). This method tends to overestimate the interconnect 
diameter. Yue et al. used a principal component analysis method to project interconnects onto its 
principle planes to calculate a diameter, which yielded more accurate measurements (Yue et al., 
2010). An example of quantification steps to find pore and interconnect size distributions are shown 
in Figure 2.16. Validation of this µCT technique for measuring pore size was carried out by 
comparing against MIP values (Jones et al., 2007b). 
 
 
Figure 2.15 Single pore and its corresponding interconnects in red visualised in (a) 2D and (b) 
3D 
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Figure 2.16 Quantification of pore and interconnect size distributions for a foamed bioactive 
glass scaffold – (a) scaffold structure, (b) 2D slice showing separated pores, (c) isolated pores in 
3D, (d) pore and interconnect size distribution 
 
Other methods of measuring porosity have been to use a dilation/erosion (D/E) algorithm similar to 
creating a distance map (Maire et al., 2007). The D/E algorithm uses increasing number of steps to 
measure the volume of the accessible pore space as it becomes more constricted. Otsuki et al. used a 
D/E algorithm to plot the connectivity of pores and comparing the tissue type inside differently 
constricted pores. This highlighted differences in pores that were physically the same distance from 
the outer surface of the implant but which had different levels of connectivity (Otsuki et al., 2006). A 
more sophisticated 3D pore network model was demonstrated by Jones et al. (Jones et al., 2007a). 
Micro CT has also been used to measure mechanical properties of bone and scaffolds (Lin et al., 
2003; Nyman et al., 2009; Van Cleynenbreugel et al., 2006). 
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The quantification of bone inside implant materials requires the segmentation of multiple phases 
which makes the process more complex. For now, µCT quantification is reported together with 
histological data (Bernhardt et al., 2005; de Wild et al., 2013; Vandeweghe et al., 2013) or electron 
micrography (Wazen et al., 2010) as comparisons. As such, most quantification values that are 
reported are derived from histology such as BV/TV and bone0implant contact (BIC). Only very 
recently have there been attempts to create new quantification measures such as a measure of the 
amount of bone bridging in SLM Ti implants (de Wild et al., 2013).  
 
In summary, the bone ingrowth into porous Ti and bioactive glasses need to quantified as these are 
materials being studied for bone fixation and bone healing applications. The use of µCT leads the 
way in 3D quantification techniques and whilst µCT techniques need to be fully compared with 
histological techniques, it will certainly become a more prominent part of future analyses. One of the 
key parts of µCT quantification revolves around the identification of a suitable VOI, the enclosed 
volume in which quantification measurements of bone are taken. The work presented in this thesis 
aims to provide a method of VOI creation that allows accurate quantification of the bone inside 
implants.  
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Chapter 3 Algorithms 
3.1 Iterative binning segmentation algorithm (IBSA)  
 
The segmentation developed for, and used in, Chapter 6 is described below. 
 
There have been several studies considering the accuracy and validity of µCT use to histology. The 
results have been particularly influenced by scan resolution and segmentation method, highlighting 
the need to automate and regularise the segmentation process (Fajardo et al., 2002; Ito et al., 2003; 
Muller et al., 1998). Algorithms that aim to improve the segmentation process of bone and non0bone 
have been developed previously (Burghardt et al., 2007; Waarsing et al., 2004b). These were a 
combination of local threshold algorithms combined with edge detection. In Waarsing et al. 
(Waarsing et al., 2004b), they found that using a local thresholding algorithm led to the inclusion of 
very thin bone segments, but also noticed that in high0resolution µCT scans, these differences 
became negligible. Therefore the local thresholding algorithm was particularly useful for in vivo 
scans where the quality of image would be limited by the acquisition settings to ensure safe exposure 
to the animal. The iterative binning segmentation algorithm (IBSA) was developed to improve the 
efficiency of simple pixel0based segmentation. This is done by successive segmentation steps, each 
step building and refining the segmentation from the previous iteration. The segmentation algorithm 
is only applicable to already filtered and normalised datasets. A simple example of the methodology 
is shown in Figure 3.1. 
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Figure 3.1 Flowchart of IBSA algorithm: (a) an example of a result from KCT, (b) segmented 
without using IBSA, (c) a 4x4 kernel binned image, (d) the mask (in red) region defined from this 
iteration, (e) a 2x2 kernel binned image, (f) 2nd iteration mask, (g) original resolution in final 
iteration, (h) final phase segmentation using IBSA (green = Ti, red = bone) 
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These algorithms were developed to improve the quality and quantification of the extractable data, 
unlike previous work which mainly focused on refining the projections to reduce such artefacts. This 
means that these algorithms can be applied to any scanner or µCT data. Note: adjusting scan 
parameters and good sample preparation is still the best method of acquiring the best µCT data. 
 
The idea behind the IBSA algorithm originates from the ability of a trained user to identify and 
distinguish bone, Ti and void phases by eye when the entire image was seen in context. However 
when the image is viewed when zoomed in showing discrete pixels, it becomes more difficult to 
identify these phases accurately. As thresholding is a function on individual pixels, the IBSA 
algorithm attempts to ‘zoom out’ (i.e. lower resolution) the image for automation by binning and thus 
building on the result of previous iterations to improve the next result at higher resolution. This 
algorithm is particularly relevant to segmenting bone inside metals because by binning the data, large 
areas (instead of individual pixels) can be discarded from the segmentation if it is not adjacent to 
implant material, assuming that the implant has high attenuation like a metal (osteoconduction). 
Adjacent pixels that are part of the metal or high density phase will increase the mean value of the 
binned material and therefore be more likely to be included in the next iteration that fine0tunes the 
segmentation at higher resolution. The reverse is also true, in that this algorithm assumes that no 
bone growth (or very unlikely to) occur away from the implant surface (no osteoinduction) and is 
therefore not applicable for segmenting bone in osteoinductive implants.  
 
First of all, the original volume (vol_1x1) of size 1000x1000x1000 was binned 2x2, 4x4 and so on, 
for as many iteration steps as deemed necessary. This created a series of smaller volumes 
(500x500x500 for vol_2x2 and 250x250x250 for vol_4x4). The highest binned and therefore lowest 
resolution image was first segmented using global Otsu thresholding to define distinct Ti and bone 
phases. The resulting segmented data for the bone phase (bone_4x4) was then resampled to be double 
in size, i.e. to be the same size as the next binned image.  
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In the next iteration, vol_2x2 was segmented in the same manner as before but when segmenting 
bone, the resampled bone phase from the previous iteration (mask_4x4) was used as a mask to define 
the specific area where segmentation occurs, meaning that in this step, the segmentation of the bone 
phase is refined. The new data is again resampled to the next size to be used as the mask for the next 
iteration. This was repeated for the final iteration which was the segmentation of the original image 
using the mask created from the previous iteration. The flowchart of the method is shown in Figure 
3.2.  
 
 
Figure 3.2 Flowchart of the IBSA for 3 iterations 
 
IBSA is an improvement on simple pixel0based thresholding methods by refining at each step the 
area which is segmented. In particular, it reduces the impact of noise on segmentation especially 
around high0intensity areas such as around the Ti implants as can be seen in Figure 3.3. A closer 
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examination as seen in Figure 3.4, shows that there is a significant reduction in erroneous 
thresholding results, but does not remove them completely. The number of iterations that can be 
applied mostly depends on the original size of the image. Most detectors from µCT are 512 or 1024 
pixels wide, which means that reconstructed volumes are limited to this size. Binning causes the 
resulting volume to decrease in size and thus binning with too large a kernel would deteriorate the 
image quality from which no useful data could be extracted. In the case of 1000x1000x1000 pixel 
volumes, a 4x4x4 kernel was deemed most appropriate. The thresholding error that arises due to 
metal scattering effects in the reconstructed images are reduced, but not entirely eradicated. It is also 
important to note that the method of binning, either by averaging or by using the median value 
changes the final result of the segmentation. 
 
 
Figure 3.3 Thresholding results (a) without using IBSA and (b) using IBSA 
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Figure 3.4 Segmentation of the bone phase from (a) a filtered image; Ti is white, bone is grey. In (b), the filtered image is segmented without 
IBSA to show the bone phase in red. Successive iterations of the IBSA where the segmentation is refined from (c) a 4x4 binned image to (d) a 
2x2 binned image to (e) the original image. The yellow arrows indicate regions around the Ti where IBSA has improved the thresholding 
results, highly minimising the effects of metal artefacts 
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3.2 Titanium de"shelling 
 
The metal artefacts that arise in µCT are a result of the extremely high relative density of the Ti to 
the surrounding space causes a gradient in intensity level at the Ti surface after reconstruction (see 
section 2.3.2.3). When a thresholding algorithm is applied, the pixels near the Ti surface are often 
erroneously marked as bone on the surface. This often appears as a halo or shell0like effect around 
the Ti implant; an example of this can be seen in Figure 3.5 where high intensity pixels around the Ti 
are marked in red. 
 
Scanning metallic implants with ingrown bone is a complex issue. In order to minimise metal 
artefacts, using higher energy X0rays can be used as these would pass through the metal with less 
attenuation. However when imaging bone, too high a power would mean the contrast between void 
and bone would be insufficient; too low, and beam hardening and other artefacts deteriorate image 
quality. The irregularity of the Ti struts also means that there are more artefacts in some regions than 
others.  
 
Figure 3.5 (a) 2D image of Ti with no bone present. (b) The image is segmented according to the 
histogram to show the Ti phase in orange. The red shows the pixels near the Ti that have a 
higher value because of metal artefacts causing bone segmentation to be overestimated 
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The de0shelling algorithm was developed to distinguish the bone that is in contact with the Ti surface 
to that which was wrongly labelled bone due to the limitations in thresholding techniques. In Figure 
3.7, the segmentation of the bone phase before and after de0shelling is shown in (a) and (d) 
respectively, which shows the marked difference de0shelling has on the final segmentation result of 
bone, which can have significant effect on the quantification results in 3D. The method is 
summarised in Figure 3.6. 
 
First of all, the shell region is defined by morphologically dilating the segmented Ti phase and 
subtracting the original Ti phase creating an apparent shell around the Ti or ‘Ti_shell’. This shell area 
(Figure 3.7b in green) is where the algorithm determines if bone is present in that area. As this shell 
region is relatively high in intensity, basic segmentation will show much of this area as potential 
bone phase called ‘bone_shell’. The ‘bone_shell’ is removed from original bone phase to leave 
‘bone_remainder’. This is then cross0multiplied with ‘bone_shell’ to determine whether or not bone 
within the shell region is connected to more bone outside the shell. If it is, then it is included in the 
final segmentation, otherwise it is removed (Figure 3.7c). The retained bone is added to 
‘bone_remainder’ to give the de0shelled segmented bone phase.  
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Figure 3.6 Basic flowchart of the de4shelling algorithm 
 
The de0shelling algorithm is simply a mathematical procedure that considers whether bone near the 
Ti surface is in fact bone or just a result of the metal artefact being thresholded. As with IBSA, the 
main assumption is that any bone on the surface must be in contact with more bone around it, i.e. 
apparent islands or thin films of bone on the Ti surface are removed. For Ti implants, this is a 
reasonable assumption as Ti is not considered to be osteoinductive and bone is usually considered to 
grow towards Ti rather than on it (Clokie and Warshawsky, 1995). There are some limitations to this 
assumption, as legitimate bone growing on the surface is segmented out of quantification and at large 
metal artefacts (for example near the node of two connecting struts) the erroneously classified bone 
may not be fully eradicated. The de0shelling algorithm is used after the IBSA thresholding to 
minimise this limitation. The efficiency of the algorithm also depends highly on the quality of initial 
segmentation. Poor initial segmentation can either reduce the contact area between Ti and bone or not 
be able to fully remove the shell effect depending on whether the segmentation of bone was 
underestimated or overestimated. Despite these limitations, using both the IBSA and de0shelling 
algorithm in conjunction has shown a great improvement in the segmentation process of bone and Ti.  
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Figure 3.7 (a) Bone phase shown in orange from IBSA, (b) Ti_shell shown in green (c) Removed 
bone after de4shelling algorithm shown in red, (d) the final result of segmentation that has 
removed small islands and metal artefact effects 
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† Note: large portions of this chapter have been published in Kim et al., “Additive manufactured porous titanium structures: 
Through0process quantification of pore and strut networks” Journal of Materials Processing Technology, 2014 
 
Chapter 4  Through"process 
Quantification of Additive 
Manufactured Ti Structures
†
 
The development of Ti structures using additive manufacturing brings with it many advantages. 
Despite this, the powder metallurgical technique used to create the implants can leave Ti powder 
stuck within the structure that needs to be removed before use. Not only this, the produced structures 
need to be validated and compared to the computer designs to determine the accuracy of build to 
design. This chapter aims to develop methods of quantifying AM components using µCT and 
applying this to study the effects that jet blasting and sintering may have on the morphology and 
shape of foam structures. In order to track the structures across a series of cleaning processes requires 
a non0destructive technique such that the same structure can be analysed at each stage. This makes 
µCT an ideal imaging technique for this purpose. It also allows the 3D structure to be imaged and 
directly quantified. This is advantageous compared to other imaging techniques that could be used 
such as SEM or MIP. Both SEM and MIP are destructive techniques: to obtain 3D data from SEM 
would require serial sectioning of the Ti. The porous Ti would also likely need to be set in resin in 
order to be sectioned or there would be a risk of the struts breaking. MIP can provide information on 
the pore structure but little on the changes in the Ti struts, whilst through µCT analysis all of this is 
potentially possible and act as a feedback tool to continuously update and improve designs. 
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The work in this chapter presents the first time application of a local tomography technique that is 
adopted to evaluate the Ti structures at higher resolution than would be normally considered possible 
allowing the visualisation and characterisation of individual powder particles on the surface of the Ti 
struts. 
4.1 Materials and methods 
4.1.1 Production and cleaning of irregular titanium foams 
SLM was used to build Ti structures with 60 and 75% porosity levels (termed S60 and S75 
respectively). These Ti structures were provided by Stryker Orthopaedics for investigation as a result 
of previous work in designing these components (Mullen et al., 2009; Mullen et al., 2010). The 
component design was defined in a 3D CAD model using Pro Engineer software (Creo Elements Pro, 
PTC, Needham MA) and represents a portion of a specimen which is to be manufactured in a porous 
form. This portion is then populated with predetermined unit cell geometry (octahedrons), which are 
also tessellating. These structures were then subjected to distortion by perturbation of its Cartesian 
co0ordinates which represent the spatial location of the vertices of the strut members that form the 
octahedron. This is to modify the appearance and structural properties of the unit cells to create a 
random appearance; it also provides a very complex structure ideal for testing the robustness of 
quantification algorithms. 
 
The SLM fabrication process develops in a layer wise fashion, with the laser beam creating a series 
of melt spots on the powder bed that correspond to the build files created from the CAD model, 
thereby forming a small slice of the cellular structure. Subsequent powder layers of 50 µm are 
deposited and laser scanned until the parts are built, with the process taking place in an argon 
atmosphere to prevent oxidation. The laser power was set at 2253 W and the exposure time for each 
spot was 300 µs.  
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For each porosity type, 6 cylindrical specimens of diameter 25.4 mm (1″) and height 7.5 mm (top 
1.2 mm is foamed) were fabricated and embedded with three solid fiduciary markers to assist image 
registration. The samples underwent an argon blasting step to remove un0fused particles and recoup 
material. The as0built samples (after argon cleaning) were scanned by µCT at two resolutions as 
described later (termed as2built). 
 
The samples were then cleaned using a vigorous jet blasting using sublimating pellets, before being 
placed in an ultrasonic wash of Micro090 (Sigma0Aldrich Corp. St. Louis, MO) solution. A series of 
rinses using de0ionised and distilled water was used to further remove any powder trapped within the 
parts. The samples were scanned by µCT again after this step (termed cleaned).  
 
Once cleaned, the porous structures were put through a sintering process in high vacuum. The 
samples were set at 100
o
C for 30 mins before being heated at a ramp rate of 7.5
o
C/min to 900
o
C and 
held for 3h to sinter. The samples were scanned a third time by µCT after sintering (termed sintered).  
 
In this study, the following sequences in the build process are defined: 
• A strut is composed of a number of melt points (point nodes) created in an oblique direction 
over six powder layers of 50 µm thickness. 
• A strut node is formed by the convergence of four struts which correspond to the profile of 
an upper or lower portion of a regular or irregular wire0frame octahedron.  
4.1.2 Tomography 
Micro0CT scans were performed using a laboratory based µCT facility (nano0focus, Phoenix|X0ray 
General Electric Company, Measurement and Control) with an accelerating voltage of 100 kV and 
current of 70 fA, and 0.5° angular rotation interval. A 0.5 mm thick copper filter was also placed 
between the sample and the X0ray source to reduce beam hardening artefacts (Stauber and Muller, 
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2008). 720 projections across 360° were acquired per scan; with three 1600 ms projections averaged 
per angle to minimise noise.  
 
Due to the trade0off between the sample size and the spatial resolution in normal µCT imaging, each 
specimen was first scanned at a voxel size of 27 fm (full scan) so that the entire sample was kept 
within the field0of0view during the 3600degree rotation. Then the sample was moved closer to the X0
ray source to obtain a higher resolution of 7.5 fm/voxel (local scan). In order to reconstruct the 
central part of the sample at high resolution, local tomography was used which enables the 
reconstruction of an object despite it not being fully inside the field0of0view (FOV). This is an 
important technique that allows higher resolutions, whilst losing signal0noise ratio. Local 
tomography works best in porous cylindrical samples where the attenuation from material outside the 
FOV is roughly equal at all projections. The details of the local tomography technique can be found 
in Kyrieleis et al. (Kyrieleis et al., 2011). 
4.1.3 Quantitative analysis of µCT images 
4.1.3.1 Image Processing and Registration 
The reconstructed images were passed through a 3x3x3 median filter in order to reduce the noise in 
the scans. To minimise the effect of beam hardening artefacts that occur in the reconstructions, a 
radial mask was applied to normalise the intensity values. The circular mask was graded from the 
centre to the outside such that the effect of brighter than expected values at the edges would be 
minimised. 
 
µCT images of the same sample obtained at different stages and by different imaging settings (i.e. 
full scan and local scan) were numerically aligned with image registration. Initially, three fiducial 
markers were used to align the images of the same sample. Then an iterative optimization algorithm, 
using coarse re0sampling of data towards finer resolutions was applied for accurate image registration 
(Pluim et al., 2000; Studholme, 1999). The full and registered local scans are compared in Figure 4.1.  
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Once registration was complete, it was possible to visualise the difference between the volumes 
based on their greyscale (from its X0ray attenuation). The adhered material that was removed from 
the cleaning step was isolated and characterised. Changes in strut morphology were also 
characterised after sintering. In order to find the connecting neck sizes of partially melted particles, 
the particles were dilated to find the area in contact with its corresponding strut. The resulting 
diameter of this interconnect region was measured using a principal component analysis based 
method presented in detail by Yue et al.(Yue et al., 2011). This method calculates the principal axes 
of an object from the eigenvectors of a covariance matrix based on the Cartesian co0ordinates of all 
of the voxels that make up the object. From this, the length of the object is taken as the length along 
its major axis.  
 
 Figure 4.1 Photograph of the samples used for the study: (a) top4down view of porous Ti surface 
showing the fiducial markers (red arrows) that correspond to those seen in the KCT for 
alignment. (b) 1.2 mm of porous SLM4built Ti atop a steel substrate. (c) XY slice of a sample 
after reconstruction of the KCT at 27 Km/voxel resolution (full scan) and (d) at 7.5 Km/voxel 
resolution (local scan). The region in the red circle is the area from the full scan that is 
reconstructed at higher magnification in the local scan. 
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4.1.3.2 Pore size distribution 
The reconstructed images require thresholding prior to quantification. Global thresholding from the 
histogram was used to differentiate pore and strut (Otsu, 1979). In each scan, the threshold was 
determined using the mid0point value between the two peaks in the greyscale histogram. Porosity 
was calculated by pixel0counting method after segmentation. The method was validated on six 
separate porous Ti sample with similar porous structure and porosity using Archimedes’ method 
(details in section 2.4.2). 
 
Pore size distribution of the samples was estimated using an ‘accessible volume’ algorithm (Yue, 
2010). The accessible volume algorithm required the data to be binarised into two phases (Struts = 1, 
pores = 0). Accessible volume uses a set of testing spheres of given radii that measure the volume of 
the segmented space that can be filled. The change in accessible volume per testing sphere was 
plotted and the normalised median value and modal values were both taken to represent the 
distribution. The full scan data was used to find the pore size distribution as this considers a greater 
representative volume than the local scan and therefore shows a more truly representative pore 
distribution of the entire sample.  
 
4.1.3.3 Strut size distribution 
Accessible strut volume and size distribution were estimated using the same algorithm as in Section 
4.1.3.2 but applied to struts. The local scan data was used to measure the strut sizes as the higher 
resolution was required to differentiate the small changes in strut thickness. In order to validate the 
µCT quantification results, comparable strut distributions were compiled by more conventional 
methods: manual measurements from CT and manual measurements from SEM images. First the 
centre0line of separate struts was found. Then the perpendicular width was measured from 2D slices 
as shown in Figure 4.12b and d. Several measurements along a single strut could be made and all 
struts in the field of view were measured. In total, 40075 measurements were taken for each porosity 
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and cleaning stage. (SEM measurements were only made in the original and sintered as cleaned 
samples were not available for SEM scans). 
 
4.1.4 SEM imaging 
The samples were scanned using secondary electron imaging using the JSM 5610 LV (Variable 
Pressure SEM JEOL) with an accelerating voltage of 20 kV and a 15 mm working distance. Images 
were taken at 35× to show the overall structure and 150× to image individual struts. 
 
4.1.5 Sampling and statistics 
Detailed analysis using accessible volume was applied to three of the six samples at random. Mann0
Whitney0U test was performed on independent pairs, whilst the Kruskal0Wallis test was performed 
for several test samples for statistical significance between samples. A value of p< 0.05 was 
considered statistically significant. 
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4.2 Results 
4.2.1 SEM images 
Figure 4.2 SEM images of an un4cleaned 60% porous sample at (a) 35× and (b, c) 150× showing 
the powder particles still attached to the surface of the struts 
 
The SEM images of the porous structure before cleaning shows large number of powder particles that 
are still attached to the surface and these can be distinguished from the large spherical structural 
shapes that form the struts (60% in Figure 4.2 and 75% in Figure 4.4). The powder particles are 
prevalent on the struts rather than on the connecting nodes and are widespread throughout the 
structure and not concentrated near the middle or centre. In Figure 4.3 and Figure 4.5, both show that 
after jet0blast cleaning and sintering, the number of powder particles has visibly decreased showing a 
smoother strut body. This may lead to an apparent thicker strut size for the un0cleaned structures 
compared to the cleaned and sintered structures.  
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Figure 4.3 SEM images of 60% porous sample after blasting and sintering showing significantly 
reduction in powder particles (a) 35× (b, c) 150× magnification 
Figure 4.4 SEM images of an un4cleaned 75% porous sample at (a) 35× and (b, c) 150×. Similar 
to the 60% samples 
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Figure 4.5 SEM images of 75% porous sample after blasting and sintering (a) 35× (b, c) 150× 
magnification 
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4.2.2 Registration 
 
Figure 4.6 Reconstruction of S60 sample at each cleaning stage (a) original, (b) cleaned, (c) 
sintered. The registration results between (d) original4cleaned and (e) cleaned4sintered 
 
4.2.3 Porosity and reconstruction 
A typical 2D slice through the sample obtained from the µCT scan reconstruction is shown in Figure 
4.1: for the low (Figure 4.1a) and high (Figure 4.1b) resolution scan. The mean porosities of the 
samples at each process step are given in Table 4.1. The average porosities measured match the 
design targets closely. The lower resolution (full scans) tended to give a lower porosity than the 
higher resolution scans by about 5%, due to the large voxel size over0estimating strut thickness. The 
values were significantly different (p = 0.0247) regardless of porosity or processing state.  
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Table 4.1 Mean porosity determined by analysis from KCT 3D reconstruction volumes of 
titanium foams 
Cleaning stage Actual porosity (%) 
60% target 75% target 
Full Local Full Local 
Original 55.3 ± 0.6 61.3 ± 1.1 64.8 ± 0.4 69.2 ± 2.1 
Cleaned 57.7 ± 0.2 62.2 ± 1.3 66.9 ± 0.5 71.5 ± 0.2 
Sintered 56.7 ± 1.1 65.4 ± 0.5 66.4 ± 1.4 69.8 ± 1.4 
 
 
 
SLM built test samples of target porosity of 60% were measured using Archimedes’ principle 
showing a mean 49.2 ± 9.0% porosity from six samples. The results are shown in Table 4.2. 
 
Table 4.2 Archimedes’ porosity measurement of 60% target porosity SLM test samples 
Sample Dry weight 
(g) 
Suspended 
weight (g) 
Soaked 
weight (g) 
Porosity (%) 
1 0.196 0.108 0.256 40.3 
2 0.189 0.106 0.263 47.2 
3 0.198 0.109 0.277 47.3 
4 0.142 0.088 0.219 58.3 
5 0.198 0.098 0.265 40.3 
6 0.165 0.116 0.244 61.6 
 
 
4.2.4 Pore size and strut size distributions from accessible volume 
Figure 4.7 shows the accessible volume applied to both the pores and the struts for both a S60 and 
S75 sample. The accessible volume method is more clearly seen in Figure 4.8 and Figure 4.9, which 
show a 2D slice of the volumes occupied by sequentially larger spheres for the pores and struts 
respectively. The greatest change in occupied volume indicates the greatest proportion of pores of 
that size (see Figure 4.10).  
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Figure 4.11a, b and c shows the pore size distributions as quantified using the accessible volume 
algorithm from volumes with a 27 µm voxel size. Figure 4.11a shows the pore distribution of a 
representative cleaned samples for the different porosity levels. The median/modal values for the 
cleaned S60 and S75 samples are 296 ± 1.0/292 µm and 328 ± 1.8/426 µm, respectively. The median 
values are given as they fully illustrate changes in distribution skew and representative diameter 
through processing (see Table 4.3). A significant difference in the median pore size values was 
observed between two porosities (p = 0.0239 – 0.0247).  
 
Figure 4.11b shows the pore size distribution of a S60 sample at each cleaning stage. For S75 sample, 
the modal values were higher than the S60 sample at 426 µm; however a small peak at 292 µm were 
also observed in some samples as shown in Figure 4.11c. The local scans were not used to find the 
pore size distribution, as the sampling volume was too small to give a representative distribution of 
the entire sample. The differences in pore size distributions are small, although the greatest difference 
is between the original state and the cleaned step as this is the most aggressive procedure.  
 
A significant difference in median pore size was observed between the cleaning stages in the low 
resolution scans (p = 0.0459 in S60 full; p = 0.0273 in S75 full) but was not in the high resolution 
scans (p = 0.0552 in S60 local; p = 0.0608 in S75 local). 
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Table 4.3 Median pore and strut sizes from accessible volume for 60% and 75% porosity foams at 
each processing stage. Values are obtained from scans at two different resolutions – 27Km/voxel 
for full scan and 7.5Km/voxel for local scan (Note: error is variability between samples) 
Porosity Cleaning 
stage 
Median pore size (µm) Median strut size (µm) 
Full Local Full Local 
60% Original 283 ± 1.4 276 ± 6.0 235 ± 3.2 226 ± 7.1 
Cleaned 296 ± 1.0 279 ± 1.6 230 ± 0.6 231 ± 12 
Sintered 292 ± 5.3 314 ± 7.8 236 ± 3.3 231 ± 3.2 
75% Original 308 ± 1.7 283 ± 8.0 193 ± 2.1 189 ± 9.7 
Cleaned 328 ± 1.8 303 ± 1.5 191 ± 1.5 191 ± 2.9 
Sintered 317 ± 7.6 302 ± 5.6 183 ± 8.8 198 ± 10 
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† Note: large portions of this chapter have been published in Kim et al., “Additive manufactured porous titanium structures: Through0process quantification of pore and strut networks” Journal 
of Materials Processing Technology, 2014 
 
 
Figure 4.7 Accessible volume on s60 and s75 full scan samples to determine pore and strut sizes. The colour scale indicates the accessible volume 
sizes used ([50 83 106 137 176 200 227 257 292 331 376 426 483 622 800 Km] for pores and [50 60 73 88 106 129 155 188 227 274 331 400 Km] for 
struts 
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Figure 4.8 Accessible pore size for a s60 sample. The colour scale indicates the accessible volume sizes used [50 83 106 137 176 200 227 257 292 331 
376 426 483 622 800 Km] 
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Figure 4.9 Accessible strut size for a s60 sample The colour scale indicates the accessible volume sizes used [50 60 73 88 106 129 155 188 227 274 331 
400 Km] 
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† Note: large portions of this chapter have been published in Kim et al., “Additive manufactured porous titanium structures: 
Through0process quantification of pore and strut networks” Journal of Materials Processing Technology, 2014 
 
 
Figure 4.10 Accessible volume result showing the decreasing occupied pore volume with 
increasing sphere size 
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Figure 4.11 Accessible 
volume method to find 
pore size distributions of 
(a) cleaned S60 and S75 
samples; and (b) after 
each stage in the 
procedure as0built, 
cleaned and sintered for 
S60 sample and (c) in a 
S75 sample. The 
resolution used was 
27 µm/voxel 
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Figure 4.12a shows a SEM image of a region of a S60 at 35× magnification. Reconstruction of the 
µCT images as shown in Figure 4.12c can be visually correlated with the SEM images. The point 
nodes can be more clearly defined in the SEM images, whilst the quality of the µCT image is voxel 
size dependent. Figure 4.12b and d shows the comparison of the same strut. The µCT strut shows a 
much smoother surface than the SEM image. The manual measurements from the SEM images and 
µCT images are compared to the strut size distributions obtained by accessible volume in Figure 
4.13d.  
 
Figure 4.13 shows the strut size distributions of representative samples comparing both porosities 
(Figure 4.13a) and at each cleaning step (Figure 4.13b and c). Again, the difference in strut size 
between S60 and S75 samples were as expected, with the S60 having overall thicker struts. Both 
porosities measured by accessible volume had thicknesses close to the target thickness of 180 µm. 
The S60 sample showed modal values of 188 µm and a smaller peak at 274 µm. The median value 
was found to be 227 µm. The S75 sample showed modal value of 155 µm and a median value of 
201 µm. There was no defining peak found using the accessible volume algorithm, but 86% of the 
strut volume change occurred in the range of 129 – 331 µm for the S60 sample and in the range 129 – 
274 µm for the S75 sample.  
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Figure 4.12 (a) Shows a SEM image taken at 35× magnification of a cleaned and sintered S60 
sample showing the strut network, with the strut and point nodes being clearly identifiable. (B) 
Shows a SEM image at 150× magnification of an individual strut. The diameter of the strut (in 
red arrows) was measured as the perpendicular thickness from the centre line of the strut 
(dotted red line). (C) Shows the KCT reconstructed 3D image of the same area as (a), voxel size is 
27Km. (d) shows the diameter manually measured from KCT 
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Figure 4.13b shows the strut distribution after each step from accessible volume of a S60 sample. It 
shows that there was only a small change in the strut sizes, but there was a marked reduction in the 
fraction of 188 µm struts in the cleaned sample. The median values for as0built, cleaned and sintered 
samples were 218, 245 and 227 µm respectively for this sample, but the variance between samples 
measured showed that these differences were not significant. The apparent increase in the median 
value of the cleaned sample is due to the lower fraction of 188 µm struts. The struts showed two 
peaks at 188 and 274 µm. 
 
Figure 4.13c shows the S75 strut distribution from accessible volume algorithm. From the graph, the 
fraction of thinner struts (from 50 – 129 µm) has decreased for the cleaned and sintered samples. The 
sintered sample also showed a drop in the 274 µm peak, as the sintering smoothens rougher struts. 
This is reflected in the median values for as0built, cleaned and sintered samples (Table 4.3). 
126 Chapter 4 
  
 
 
 
Through2process Quantification of Additive Manufactured Ti Structures† 127 
 
 
 
 
 
 
Figure 4.13 Strut size distributions measured from accessible volume for (a) two cleaned 
samples of different porosities 60 and 75%; (B) Shows the strut size distributions at each stage 
during the cleaning process for a S60 sample; (C) Shows the strut size distribution for a S75 
sample. (D) shows the comparison of strut size distributions of sintered S60 samples obtained by 
3 different methods: accessible volume, manual 3D measurements of KCT reconstructions and 
manual measurements from SEM images 
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Figure 4.13d compares the S60 strut distributions after cleaning and sintering, measured using three 
different techniques. First is using the accessible volume algorithm, a specific code to measure the 
strut thickness based on its distance map; secondly is manual measurements from SEM and lastly 
from manual measurements from 3D reconstruction of µCT images. Figure 4.12b and d shows the 
measurement of a typical strut in SEM and µCT reconstructions. Despite the large number of 
measurements taken from SEM and µCT images, these tended to give a narrower distribution than 
from the accessible volume algorithm. The modal values of strut size from the accessible volume 
algorithm, SEM and µCT measurements were all found to be 187 µm. SEM measurements were also 
able to show a second peak at 274 µm which was also present from the accessible volume 
distribution.  
 
4.2.5 Jet blasting and strut removal 
Jet blasting is a common method of abrasive method of cleaning. It is used to remove unwanted 
particles left over that may be partially melted onto struts. In order to quantify its effects using µCT, 
the scans must be registered before and after cleaning. Figure 4.14a shows the 3D reconstruction of a 
S60 sample with the parts of the strut that were removed or bent by the cleaning highlighted in red, 
scanned at 27 µm/voxel. The unaffected struts are shown in yellow. The volume of material that was 
affected was less than 3% (2.4 ± 0.5%) for S60. The affected struts were spread evenly across the 
surface, but struts nearer the surface were more likely to have particles removed or bent. The number 
of affected particles in the ROI was 450, of varying sizes between 30 and 475 µm. The average size 
of neck diameter of the removed particles in this ROI was found to be 109 ± 56 µm. 88% of the 
connecting neck diameters were less than 180µm, which was the target strut size.  
 
Using a large voxel size was necessary to analyse a statistically significant volume, however to 
quantify the neck sizes accurately, the local scan (7.5 µm per voxel) was used. Figure 4.14b shows a 
small area where particles are removed. The particles have a diameter similar to the thickness of the 
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struts (200 ± 20 µm) and have connecting neck diameters of 97µm ± 22 µm as found by principal 
component analysis. Figure 4.14b2d shows the removed particles in dark orange from the struts. 
Figure 4.14e shows the particles from an X0Z viewpoint, from which the angle the line of particles 
makes with the X0Y plane was found to be 6.06 
o
.  
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Figure 4.14 (a) Shows the interconnecting neck diameter distributions of strut particles that have 
been removed during the blasting step for a S75 samples. Inset is a reconstruction of a volume of 
foam (27 µm/voxel) where the titanium struts are shown in yellow and the particles that were 
removed highlighted in red. (b) – (d): shows a progression of images that show how the 
interconnecting neck diameters were found. In (b), the titanium struts are shown in yellow. The dark0
orange spherical particles are particles of the original titanium network that were broken off during 
blasting. (c) and (d) show the individual particles and their neck interconnects which are shown in 
blue. (e) shows the low angle struts that could be removed from the design prior production. Scale = 
300 µm 
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Figure 4.15 shows struts at each stage of the cleaning process: (a) as built, (b) cleaned, (c) sintered, 
and showing the removal of small partially melted powder particles. These particles can only be 
resolved at the higher resolution of 7.5 µm/voxel due to their small size. The red arrows highlight the 
powder particles that have been removed from the as built strut to the jet0blasted strut. Sa, the areal 
surface roughness (ISO2517806:2010, 2010) defined as the arithmetical mean height of the surface, 
was found to be 11.0 ± 4.1 µm for the as0built strut, 10.6 ± 3.8 µm for the jet0 blasted strut and 10.8 ± 
3.8 µm for the sintered strut. The strut thicknesses match the target strut thickness which was a radius 
of 90 µm. The error values correspond to the accuracy of the polar co0ordinates of the strut surface, 
which was accurate to within ± 0.5 voxel.  
 
Figure 4.16 shows examples of individual strut bending after each process. After registration of the 
samples, struts that are bent can be easily identified. The bending occurs at the surface of the samples 
which are in direct contact with the blasting. Figure 4.16a and b shows deformation before cleaning 
(in yellow) and after cleaning (shown in green), which is the step that exhibits the majority of 
deformation. Figure 4.16c shows deformation of a strut before sintering (in green) and after sintering 
(in purple). Such examples of deformation are much rarer in the post0sintering case than the post0
blasting case.  
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Figure 4.15 Shows the surface profiles of a typical strut shown inset scanned at 7.5 Km/voxel 
resolution. Rho is the height of the surface from the centreline of the strut; strut length and 
theta are the components of the polar co4ordinates of the strut. (a) – (c) compares the same strut 
at (a) as4built, (b) cleaned and (c) sintered stages respectively 
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Figure 4.16 Three examples of bending found by the comparison of registered samples (a) and 
(b): before (in yellow) and after (in green) blasting and (c) before (in green) and after (in purple) 
sintering. Region of deformation is shown in red circles 
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4.3 Discussion 
4.3.1 Porosity 
Pores are necessary in potential implants due to the need for migration of cells, mass transport and 
vascularisation (Pilliar et al., 1980). For Ti implants, porosity also provides a way of matching 
mechanical properties to native bone. It also provides space for bone interlocking to remove the need 
for cements and greater mechanical stability which is critical for long term implant viability. The key 
parameter presented by researchers is commonly pore size rather than porosity; however both are 
important for successful integration of bone. Previous work using porous metals have found 60% 
porosity to be ideal for bone ingrowth (Chang et al., 1998; Nishiguchi et al., 2001), whilst higher 
porosities of >80% are favoured when producing polymer foams. The SLM technique offers a 
method of producing highly controlled porous metal samples that would have been difficult to 
produce by other methods. Higher porosities are generally considered better for osseointegration due 
to larger and more open pores and thus easier nutrient transport and vascularisation (Roy et al., 2003; 
Story et al., 1997; Takahashi and Tabata, 2004). Producing excessively highly porous structures 
reduce the mechanical properties too much for use in cyclically loaded areas, however randomisation 
of the pore distribution has been shown to increase toughness (Zhang et al., 2013). A porous 
structure that has a porosity gradient, going from less to more porous towards the centre, and 
randomised pore structure could be ideal. In this way, the mechanical properties are maintained 
whilst gradually providing more space and interconnectivity towards the centre of the implant which 
is the most likely area for cell necrosis.  
 
As validation of the µCT method, the porosities of six Ti samples were measured using the 
Archimedes’ method. The mean porosity measured using this method was considerably lower 
(49.2 ± 9.0 %) than the design target porosity of 60 %. The porosity measured from µCT matched the 
intended porosity more closely (56.7 ± 1.1 % and 65.4 ± 0.5 % for full and local scans of equivalent 
S60 samples). This is not to say that µCT is a more accurate method of measuring porosity; however 
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µCT has certain advantages when studying complex porous materials. From Archimedes’ method, it 
can be difficult to fully wet the inner surface especially in very tortuous pore structures which can 
lead to erroneous values for the soaked and suspended weights. As samples become larger, the 
possibility of trapped bubbles becomes greater and can affect the porosity value. In contrast, µCT 
methods do not suffer from such difficulties and therefore can minimise the variance between 
measurements. Archimedes’ is still fast and simple method of measuring the porosity to augment the 
quantification from µCT. 
4.3.2 Tomography 
Acquiring 3D tomography scans can give high quality images of the volume, but it is much more 
difficult to obtain information regarding its properties. In order to quantify changes in the titanium, it 
is necessary to threshold the images. Thresholding is an inherent difficulty in µCT due to noise and 
reconstruction artefacts (Koseki et al., 2008; Stauber and Muller, 2008). At lower resolutions, the 
error in thresholding can lead to large differences in measurements. Since the intensities of each scan 
changes from scan to scan, the threshold value was found for each scan using its histogram. The 
values of the pore space and titanium peaks provide a reliable, objective and repeatable way of 
finding a threshold value. 
 
The registration of these porous Ti structures was found to be very successful, requiring very little 
input from the user. The fiducial markers were necessary, in order to orient and align the structures 
before the registration algorithm was performed. The registration of implant structures can be 
extremely useful clinically, for example, if a recovered implant from revision surgery needed to be 
examined for bone ingrowth and failure causes, it would be necessary to examine the change in 
structure over time. It can be difficult to have a fiducial marker in implants, as these can degrade, 
deform or wear over time. These could be added into the design for example by having a 
characteristic spine along which the porous structure is built. 
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4.3.3 Accessible volume 
The accessible volume theory is used as a method to quantify the pore and strut sizes by comparing 
the volume filled by spheres of increasing radius (Yue, 2010). The use of previous techniques is not 
adequate or appropriate for the pore shapes found in SLM0manufactured structures as they are not 
spherical pores (Jones et al., 2009; Yue, 2010) – see section 2.4. Accessible volume theory produces 
a distance map from the struts towards the centre of the pore and assigns whether or not a sphere of a 
given diameter is able to occupy that space as long as it is connected to pores on the surface (Yue, 
2010). As the radii of the spheres increase, pore spaces that are smaller or have an interconnect size 
less than this, cannot be filled and therefore leads to a smaller volume being filled (Figure 4.10). The 
pores must be linked to the outer face of the sample, such that it measures the volume that the testing 
sphere can cover. In this way, accessible volume algorithm is analogous to the pore size distribution 
calculated by changes in pressure in MIP. In order to validate pore size distributions with MIP would 
require samples to be created for each stage. Since the MIP process is destructive, the exact same 
sample could not have been used to study the cleaning process. Using a smaller porous sample with 
no substrate, it could be possible to determine pore size from gas pycnometry which would allow 
subsequent cleaning steps for µCT analysis.  
 
The pore size distributions from the accessible volume algorithm showed similar variance in the S60 
and S75 samples, although the S75 sample shows a positive skew due to the larger pore diameters. 
For the strut size distributions, the S60 samples have positive skew. The smaller peaks seen at 
274 µm in the SEM and accessible volume strut distributions are representative of the larger strut 
nodes that form due to the convergence of struts. Furthermore, the modal values of strut size from 
accessible volume, SEM and manual µCT measurements were all found to be 187 µm. This 
correlates well with the initial target strut diameter which was 180 µm (Figure 4.13d).  
 
It is interesting to note that there was very little difference seen between the pore size distributions at 
each cleaning stage (Figure 4.11). This means that overall; there is little change in the macro0
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structure of the foams themselves when they undergo this cleaning process. This lends to the 
assumption that these cleaning and production methods do not change the inherent pore and strut 
sizes. The accessible volume method is able to differentiate the pore and strut sizes of 2 foams of 
different porosities (between 60% and 75%), which means it is sensitive to manufacturing design and 
reflects such differences. In a future study, it may be interesting to consider what the minimum 
difference in build porosity would be that could be significantly distinguished by accessible volume. 
This could then be related to the accuracy in build (i.e. how close is the structure to the design). The 
resolution was also an important factor in the quantification as larger voxel sizes (27 µm in this case) 
were found to overestimate the size of the struts, leading to generally lower porosities and pore sizes. 
When measuring strut size, the median values of the struts were seen to increase from as0built to 
cleaned. It would be expected from blasting for material to be removed and therefore the strut size 
should show a decrease in the strut size. However, with the removal of thin struts, the accessible 
volume of struts shifts to the right to reflect the larger fraction of thicker struts that was not removed.  
 
As the nature of the manufacturing method of these foams produces uneven and globular struts, the 
measuring strut and pore sizes are difficult using conventional methods. A problem when measuring 
the strut diameters from SEM and even from µCT reconstruction images is that the struts are not of 
uniform diameter across its length. This means that manual measurements from images are based on 
measurements that are considered a representative length of the strut can be prone to bias. This leads 
to the narrow distribution, but similar modal values as seen in Figure 4.13. The accessible volume 
method considers all the thicknesses in each strut and pore, which provides information about the 
proportion of small, constricting interconnects.  
 
4.3.4 Quantification of effect of cleaning 
By using SLM, it is possible to reproduce almost identical structures repeatedly by using the same 
design. However, there are potential problems related to SLM such as partial melting of powders and 
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trapped powder (Xue et al., 2007). Xue et al .(Xue et al., 2007) fabricated porous Ti foam structures 
using a similar additive layer manufacturing method like SLM termed laser engineered net shaping 
(LENS). The foams had a pore size range of 1000700 µm and a widely varying porosity of 17070%, 
but the foams produced by LENS contained partially sintered Ti particles which could lead to 
reduced wear and fatigue properties (Xue et al., 2007).  
 
In order to find the connecting neck diameter distribution, a significant number of necks were 
required. The connecting neck sizes are important as there may be a minimum connecting neck size 
at which the cleaning procedure will not disrupt the strut structure. The particles that were removed 
from blasting were found to have spherical morphology with a diameter similar to the strut diameters 
measured by accessible volume. This suggests that the particles that are removed are not particles 
from the melting process, but are more likely to be struts that have broken off as a result of the 
cleaning process. Struts with thin necks are a result of individual point nodes within the strut being 
too far away from its adjacent neighbours, when the strut with a low angle is formed. This however, 
can be easily resolved by modifying the initial design files such that struts that form low angles – and 
are therefore more likely to have thin necks – are removed. This observation is clearly illustrated in 
Figure 4.14 as a string of disconnected fragments. In 3D, these particles look largely spherical in 
shape and it is clear that these fragments are components of a strut (individual laser melt spots) that 
have possibly broken off due to weak connecting necks (highlighted in blue).  
 
Jet blasting and subsequent sintering removes particles that would be liable to becoming loose if they 
had been implanted into the body. From Figure 4.14a, it can be seen that struts with sub0optimal 
thickness (88% of connecting neck diameters were less than the target strut thickness), are most 
likely to be removed during cleaning. This observation and subsequent quantification would be 
extremely difficult in other imaging techniques such as SEM. Not only would identifying where 
struts had been removed be difficult and time0consuming, high magnification imaging of the fracture 
surface of individual struts that had been removed would be required to measure the neck diameters. 
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Using µCT and registration techniques allows us to identify these regions much more easily and 
quantify them regardless of the strut size or orientation within the structure. It is also not possible to 
separate the different substituent parts as in Figure 4.14b, c and d in SEM and thus quantifying these 
neck sizes would be impossible.  
 
Local scans (voxel size 7.5 µm) are required to visualise the removal of powder that have been 
partially melted onto the struts as opposed to large scale strut particle removal seen in the full scans. 
As seen in Figure 4.15, the struts before and after cleaning show signs of powder particles being 
removed at the positions indicated by the arrows. Qualitatively, the cleaned strut is smoother which 
means that there is a reduced chance of partially melted powder particles breaking off. When this 
change is characterized quantitatively by Sa, the areal surface roughness, it can be seen that the 
standard deviation of the struts are lower for the cleaned strut (10.6 ± 3.8 µm) than the as built strut 
(11.0  ± 4.1  µm), although not statistically significant (p = 0.457). The quantitative values of Sa are 
not conclusive of cleaning having a positive effect on powder removal, however, when considered in 
association with the qualitative observations, it appears that powder is being removed from the strut 
surface and thus lowering the strut roughness.  
 
As is the case for most µCT scans, the trade0off between resolution and sample size means that often 
detail is lost in order accommodate a greater sample size. For example, in this study, the lower 
resolution scan at 27 µm voxel size was used to quantify the neck diameter distribution. This means 
necks of less than 27 µm were not measured and the sensitivity of the results was reduced when the 
features themselves are less than 100 µm. Additionally, scanning titanium foams also leads to beam 
hardening and these effects also impair image quality and therefore reduces the effective resolution. 
In this study, the use of dual0resolution scanning and registration minimises the error in 
measurements 
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4.3.5 Qualitative observations of the effects of the cleaning procedure 
An unintended effect of the cleaning procedure was observed in the form of strut bending. The 
bending of struts on the surface of the samples could only be made by visual inspection after accurate 
registration of the samples. 
 
Although the blasting technique is primarily used for the removal of unmelted titanium powder on 
the strut surface, the abrasive technique may also cause deformation of the structure which can lead 
to strut bending. The regions that were most affected were struts near the surface, which were in 
closer proximity with the blast media. As seen in Figure 4.16a and b, struts that are not connected to 
a central node (i.e. unsupported struts) are more likely to bend than struts that are connected. Bending 
of struts can lead to a possible reduction in the strength of the strut, thus making it more likely to 
break. It is proposed that by modifying the initial computer design to make all struts on the surface 
end in a node, the number of bending occurrences from jet0blasting can be reduced. Figure 4.16c 
illustrates a case of bending that was found before and after sintering. 
 
4.4 Conclusions 
 
Jet0blasting and sintering of the foams produced by SLM leads to localised removal of partially 
adhered Ti powder and weak struts. This process does not affect the macro0properties of the overall 
pore or strut network, indicating that the cleaning process does not change the original computer 
aided design of the foam and porosity. This was only possible due to the ability of µCT to track and 
quantify these changes to the porous structure of the same sample in a non0destructive manner 
progressively through the 3 stage process using the registration and production methods outlined in 
this chapter. Such an analytical procedure is a powerful tool and may be applicable to quality control 
procedures.  
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The quantification of porosity, pore size, strut size, surface roughness is still highly dependent on 
scan quality and thresholding bias. The resolution of µCT scans was an important factor in the 
accuracy of the quantification of pore and strut sizes; the 7.5µm voxel size used in this study was 
sufficient to find struts that had been broken off and also powder particles that were removed during 
the cleaning process which would be infeasible using other characterisation techniques. However 
SEM and Archimedes’ method were used to validate the strut size and porosity measurements. The 
strut sizes measured by SEM gave similar results to µCT but tended to have a narrower distribution. 
The porosity measured from Archimedes’ method was lower than the target porosity, suggesting that 
this method is limited and accessible volume from µCT may be a useful complimentary technique in 
such complex Ti structures.  
 
The ability to register large volumes in 3D, allowed the observation of the physical effects of 
cleaning such as bending. This was hugely important as modifications in the design phase can lead to 
direct and effective improvements in the end0product such as node0terminating struts and the removal 
of potential low0angle struts. This sets µCT apart from other imaging techniques as a method of 
direct quality control. The 3D images offered by µCT give unique advantages from visualization of 
direct changes to porous structures, and for quantifiable datasets which can be used to improve 
structure designs, that are not available using conventional 2D techniques.  
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† Note: large portions of this chapter have been submitted for publication Kim et al., “A methodology for objective 
quantification of bone ingrowth into porous implants: application to an in vivo bioactive sol0gel foam” Journal of Bone and 
Mineral Research, 2014 
 
Chapter 5 Development of a Novel 
Approach to Objective Quantification 
of Bone Ingrowth and Application to 
Bioactive Sol"gel Scaffolds
†
 
Following on from the µCT techniques used to quantify the Ti structures, this chapter aims to 
develop methods to quantify bone ingrowth into implants. As already discussed in section 2.4, when 
quantifying bone in implants, the properties of the VOI are extremely important. The shape, size and 
orientation must all be considered, relative to the implant and the remaining bone as well as the 
original defect area. The shape must be determined independent of the size and should not be 
restricted to a regular shape. The size must reflect the actual region that needs quantifying and must 
adapt depending on different species or site used in the animal model. The orientation of the VOI 
depends on the orientation of the implant to the bone and as the orientation of the implant will not be 
the same in all surgeries, the VOI should also reflect this. This results in the quantification being 
independent of the orientation when scanning using µCT; removing the need to pre0 or post0orient 
the µCT scans which can be either time consuming (pre0orienting) or lead to a loss of data (post0
orienting). Finally, the location will depend on what exactly is being measured. For example, to 
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answer the question ‘how much of the defect is filled by bone due to the implant’ the VOI should be 
located where the original defect was. Conversely, to answer ‘how much bone is inside the implant’ 
the VOI should be adapted to cover the implant volume.  
 
In in vivo tests, correctly identifying the implant position and orientation within the bone, as well as 
accounting for individual variations in volume of interest (VOI), are all of critical importance for 
quantification (Ylä0Soininmäki et al., 2013). The work by Bouxsein et al. together with the Journal 
of Bone and Mineral Research and previously by the Histomorphometry Nomenclature Committee of 
the American Society for Bone and Mineral Research, have established a guideline to reporting µCT 
analyses and experiments of bone (Bouxsein et al., 2010). Within these guidelines, the region0of0
interest is noted as a key parameter for scan acquisition. The immediate focus within these guidelines 
was the location of the scanning window and that this window should be defined by some fixed 
distance from an anatomical site which would act as the VOI for quantification. For scanning 
purposes, this is a reasonable method of ensuring similar and reliable scanning regions. If this was 
used for quantification purposes, all of the variation between animals is incorporated within the 
results and this leads to large numbers of animals being required for statistical significance. The 
guidelines also highlight some issues regarding good ROI size and placement, such as ‘particular 
consideration should be paid to the distance that the ROI extends into the diaphysis… the VOI should 
contain at least three to five intertrabecular lengths, citing that quantification values of mean bone 
volume fraction will decrease as the bone transitions from the metaphysis to the diaphysis. With 
regard to bone specimens of varying sizes, the guidelines suggest that the VOI should be defined as 
some percentage of the bone length rather than a constant size. This in itself is a very important 
consideration that should be taken for all quantification when using animals, but the guidelines fail to 
specify what size or shape an optimum VOI should be. This ultimately leaves the determination of 
the size, shape and placement of the ROI to the discretion of the researcher leading to non0optimal 
and potentially biased/skewed VOI. 
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Region specific analyses have been achieved by using an adjustable VOI in the imaging step, to 
reduce the number of post0imaging processes for registration (Mehta et al., 2012). Although this is a 
defect0centralised method, crucially it does not take into account the implant position with respect to 
the bone. The cortical bone region in these analyses was also defined manually. A better method of 
segmenting cortical and cancellous regions was described by Buie et al. by automating this process 
(Buie et al., 2007). This is, in essence, an automated method of finding the most suitable VOI for 
cortical and cancellous bones and yet this approach has not been extended to define VOIs for 
implants and cortical bone.  
 
A key difficulty in either histological or µCT bone characterisation lies in accounting for the natural 
variation between animals, which can have a significant effect on the results of quantification. A way 
of tackling this problem has been to adopt ‘ideal’ models of a particular structure, such as the pelvis 
or femur, such that individual differences can be accounted for. This is adopted in the approach hence 
described, by creating an average model of a typical defect0free leg that is used as a template for 
quantification measurements.  
 
This chapter describes a novel approach to quantification, from how the volumes0of0interest (VOIs) 
are determined to new parameters to measure bone ingrowth that arise from this approach. The 
developed VOIs are then applied to a rat tibial study, using a potential bioactive scaffold material 
over an 11 week period. Several pre0treatment methods (dry, wetting, pre0conditioning) were 
evaluated and compared to two commercial bioactive materials: NovaBone and Actifuse.  
 
These bioactive scaffolds are of particular interest to tissue engineers for the treatment of large bone 
defects (Jones et al., 2006; Midha et al., 2013a; Sepulveda et al., 2002a; Sepulveda et al., 2002b). 
We selected bioactive glasses as their dissolution both stimulates osteogenesis and leaves space for 
further bone ingrowth (Jones, 2013; Jones et al., 2006), and presents a challenge for analysis. The 
added complexity of being able to track the dissolution over time of the implant makes the 
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methodology more widely applicable to other bioactive materials such as HA scaffolds, as well as 
traditional titanium scaffolds which do not dissolve. The method for VOI selection is evaluated by 
comparing it to histomorphometric quantification results from. The limitations and adoptability for 
future studies is also discussed. 
 
5.1 Materials and methods 
5.1.1 Materials 
The 70S30C samples used in this chapter were prepared by Dr. Wouter van den Bergh at Imperial 
College London. 70S30C (70 mol.% SiO2; 30 mol.% CaO) bioactive glass was prepared using the 
sol0gel foaming technique. A sol of tetraethyl orthosilicate (TEOS) was mixed with calcium nitrate 
tetrahydrate in the presence of nitric acid.  
 
50 ml aliquots of sol was foamed by vigorous agitation and stabilised using 0.35 ml Teepol and 
1.5 ml 5% (v/v) HF. The samples were aged at 60 
o
C, dried at 130 
o
C and thermally stabilised at 
600 
o
C. These were finally sintered at 800 
o
C for 2 h. Cylinders of diameter 3 mm were cut using a 
bore0drill and each sample was cut to a height of 1.8 mm. Wetting and preconditioning was 
performed by immersion into serum0free α0MEM for 5 mins and 3 days respectively. Vacuum 
processing was performed at 10 psi for 5 mins to remove any trapped air within the pores.  
 
Two commercial bioactive materials were used: NovaBone (NovaBone Products LLC, Alachua, FL) 
and Actifuse (Apatech Ltd., Elstree, UK). NovaBone is a melt0derived bioactive glass particulate 
(900710 µm) of the Bioglass composition (45S5, 46.1% SiO2, 24.4% NaO, 26.9% CaO and 2.6% 
P2O5, in mol percent). Actifuse is a porous silicon doped (0.8 wt.%) hydroxyapatite. The modal pore 
and interconnect diameters of the 70S30C implants were 305 ± 91 µm and 115 ± 43 µm respectively, 
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measured by µCT. The Actifuse granules were found to have similar pore and interconnect sizes as 
the 70S30C implants (Midha et al., 2013a). 
5.1.2 Animal and surgical procedures 
 
Animal surgeries were conducted by Dr Swati Midha and Ms Aine Devlin at the University of Ulster, 
under the supervision of Dr Christopher Mitchell. 
 
All animal procedures were approved and conducted in accordance with institutional (University of 
Ulster) animal care committee and National (UK Home Office) guidelines. 12 week old male Wistar 
rats (Harlan, UK) between 2500350g had a 3 mm subcritical size defect created in the medial aspect 
of the right tibia. The rats were anaesthetised by isoflourine gas followed by an intraperitoneal 
injection of 2ml Ketaset (100mg/ml), 1ml Xylapam (20mg/ml). Once the animal was fully 
anaesthetised, the lower right leg was shaved with electrical clippers and any residual hair removed 
by the use of hair removal cream. The legs were cleaned using a moist gauze using 3 consecutive 
washes of chlorhexidin (Hibiscrub, Regent Medical Ltd, UK) and 70% isopropanol. The animals 
were given 1.5 ml subcutaneous injection of Metacam (Boehringer0Ingelheim, Germany) for pain 
relief. 
 
This was followed by a 15 mm incision in the skin above the middle third of the medial aspect of the 
tibia and an incision made through the muscle covering the medial aspect of the tibia which was 
moved to the side using blunt dissection. A 3 mm defect was made in the widest part of the exposed 
tibia using a trephine burr, which extended into the marrow cavity. The defect site was cleared of 
blood and bone fragments by the aid of suction, and tissue was kept moist by saline irrigation.  
 
The rats were randomly divided into the necessary groups for investigation: for bioactive glass 
implants, six groups of five animals were used: (a) dry 70S30C, (b) 70S30C wetted in media for 5 
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minutes, (c) 70S30C immersed in media for 3 days, (d) granular 70S30C, (e) Actifuse, (f) NovaBone. 
Controls of the animals were taken where a defect was made, but no implant was placed. Autologous 
blood was collected from the caudal vein of each animal into heparin coated microvettes 
(Microvettes CB 300 FH, Germany). The implants were mixed with 100 µl of autologous whole 
blood until clotting was observed. The implants were then aseptically transferred into the defects 
using a press0fit technique. Following implantation, the muscle and skin were secured using sutures 
and the animals received a 0.2% chloramphenicol antibiotic solution to prevent contamination via an 
intra0peritoneal administration of 5 ml of 5% dextrose0saline solution. After 11 weeks the animals 
were euthanized and tibiae were harvested for µCT and histology. 
 
The bones required for creating the model leg originate from the existing in vivo experiments – as the 
implants were placed into the right tibiae, the un0operated, defect free left tibiae (contralateral limb) 
was also harvested from all tested animals. From this set of left tibiae, five were randomly selected 
and each was scanned separately using µCT.  
 
5.1.3 µCT image acquisition 
Harvested tibiae were fixed in solution of 10% buffered formal0saline for 48 h. These were then 
removed from formalin prior to scanning and placed in 100 ml sample holders such that each tibia 
was oriented upright and perpendicular to the X0ray source.  
 
Individual un0operated contralateral tibiae were scanned at a spatial resolution of 50 µm/voxel from a 
nano0focus X0ray source (Phoenix|X0ray General Electric Company, Measurement and Control). The 
scan conditions were as follows: 1600 ms acquisition time, 70 kV source voltage, 100 µA source 
current and a rotation step of 0.5 degrees (total of 720 projections). The scans were reconstructed 
using commercial software (Datos x rec, Phoenix|X0ray General Electric Company, Measurement 
and Control) according to the manufacturer’s instructions. After acquisition and reconstruction, each 
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volume was normalised based on the intensity values of the sample holder and a piece of fibre optic 
of known density as a calibrant. 
 
5.1.4 Production of average contra"lateral leg model 
After reconstruction, a 3D volume was created for visualisation (Avizo; Visualisation Sciences 
Group, Merignac Cedex, France) as shown in Figure 5.1a. The volume consists of 512 slices in the z0
direction that shows transverse slices in the xy2plane (Figure 5.1b). To create an average tibial model, 
each volume was median0filtered with a kernel size of 3.0 to reduce noise. Segmentation of the 
volumes to identify areas of bone was done using Otsu’s method of global thresholding (Otsu, 1979), 
as only bone needed to be segmented which is in greyscale seen in Figure 5.1b. The segmented slice 
of Figure 5.1b is shown in Figure 5.1c. 
 
The centre line of the bone was found using a medial axis algorithm (Lam et al., 1992). The medial 
axis of the image was taken for each slice in 2D as a 3D medial axis provided insufficient nodal 
points for reconstruction of the average model (Figure 5.1d). The pixels representing the outer edge 
or border of the cortical bone were labelled and compared with the Cartesian co0ordinates of the 
medial axis nodes. The distance between the medial axis node to the nearest edge was determined by 
finding its nearest neighbour in 3D and was assigned as its value of wall thickness. This is 
represented as the maximum size sphere that can be fit into the bounding space using in0house 
accessible volume algorithms shown in Figure 5.1e (Yue, 2010). 
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Figure 5.1 Example of the process applied to a tibia to create the average model. (a) shows a KCT 
scan reconstruction of a typical tibia (3D scale = 2500 Km). A typical transverse slice in the xy4
plane is shown in (b). The bone phase is segmented (c), from which its 2D medial axis is 
calculated. The thickness at each point in the medial axis is calculated from accessible volume 
(d). (2D scale = 500 Km) 
 
When registering bones from different animals, common features are frequently used as reference 
markers (Besl and McKay, 1992). In place of landmark points, anatomical features can also act as 
reference points. For the tibia, which has a lack of distinguishing features in the cortical region, we 
found that the relative thicknesses of the cortical wall and anatomical features such as the tibio0
fibular junction can be used for successful registration. Here, the registration of tibia was by 
correlation of segmented volumes (Maintz and Viergever, 1998), with the distal tibio0fibular junction 
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acting as a common anchor point: examples of the µCT scan of the tibio0fibular junction is shown in 
Figure 5.2. 
 
 
Figure 5.2 KCT scans of two typical tibio4fibular junctions used in registration 
 
The registration of the five tibiae was completed in pairs, and then the averages paired ad finem 
(Figure 5.3). For example, legs 1 and 2 were scanned and aligned to each other. The co0ordination 
points (x, y, z) of node i in leg 1 is compared to all nodes in leg 2 and the nearest neighbour in leg 2 
was found. These co0ordination points were averaged and saved as the new co0ordinate for node i, 
and repeated for all nodes to form R1, which is the set of averaged nodes, R1i, from legs 1 and 2. The 
thickness assigned to each node was also averaged and saved. This was repeated using all five 
datasets, with the registered result of each pair being further registered together in a reverse tree 
diagram fashion until there was a single averaged medial axis and thickness. 
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Figure 5.3 Averaging schema for five left tibiae to find average medial axis nodes and thickness 
values 
 
The model was created by repopulating a new volume by reconstructing each averaged medial axis 
node using a sphere of diameter equivalent to its corresponding thickness. Finally, the average model 
was reflected on the z0axis to create an ipsilateral model.  
 
The variation between five tibiae can be seen in terms of their thickness on a cross0sectional slice at 
identical locations across the sample set in 2D (Figure 5.4a) and 3D (Figure 5.4b). The five tibiae 
were analysed using accessible volume algorithm that measures the accessible volume filled by a 
series of testing spheres to quantify cortical wall thickness across the tibia. The gradient of the 
change in accessible volume produces a cortical thickness distribution. The cortical thickness of each 
tibia is then taken as the median value in Figure 5.4c. 
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Figure 5.4 (a) A transverse slice (xy4plane) of cortical bone thickness using accessible volume for 
each of the 5 left tibia. (b) shows the thickness map of the tibia in 3D. The transverse slice and 
the 3D thickness map for the final average model tibia is also shown to the right. (c) shows the 
bone thickness distribution of each tibia and for the average model. Scale = 2500 Km. 
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5.1.5 Quantification of bone ingrowth 
5.1.5.1 Using average model to find optimised VOI 
To obtain quantification results using the average model, it must first be correctly aligned with the 
tibiae being measured. An example of the registration of the model to experimental data is shown in 
Figure 5.5. The width at the top and bottom of the bone, cortical wall thickness and orientation are 
taken into account when registering, using a correlative registration method (Weber and Ivanovic, 
1994). 
 
The registered model acts as a template to measure bone parameters for quantitative comparison of 
implant efficacy. An example of this is shown in Figure 5.6a where the model is registered to a tibia 
that has a defect partially healed by a 70S30C porous scaffold. In each 2D slice, the area bounded by 
the model, termed the ‘model region’ (QRKIS), is separated from the area bounded inside QRKIS, 
which is defined as the ‘marrow cavity region’ (QTLLRH) (Figure 5.6b). 
 
Within each region, the proportion of bone, termed QRKIS (Figure 5.6c) and QTLLRH (Figure 5.6d) 
and implant, QRKIS (Figure 5.6e) and QTLLRH (Figure 5.6f) is measured i.e. the subscript b and i 
are used to denote bone and implant material, respectively.  
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Figure 5.5 The reconstructed average contra4lateral tibia model can be registered to 
experimental data (a) which takes into account the relative position of the defect in the tibia. Its 
separate constituent parts are shown for (b) the experimental data and (c) the average model. (d) 
and (e) show the fit of the model to experimental data in 2D. Scalebars are 1000 Km and 500 Km 
for 3D and 2D images, respectively. 
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Figure 5.6 The average model is registered to experimental datasets such as in (a). Once 
registered, the bone (QRKIS) and marrow regions (QTLLRH) of interest are identified as shown in 
(b). The proportion of bone in QRKIS and  QTLLRH is termed QRKIS and QTLLRH respectively and 
highlighted in blue (c) and red (d) respectively. (e) and (f) are the implant material defined in 
each region. (Scale = 1000 Km) 
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Next a distinct ‘defect volume of interest’ was created to quantify the missing bone due to the defect. 
The segmented bone is shown in Figure 5.7a, showing the defect site. By registering the average 
model (in grey) to the bone (Figure 5.7b), the defect area can be approximated by the subtraction of 
the two volumes from each other (Figure 5.7c). From this, the volume representing the remaining 
defect area was isolated (green in Figure 5.7d). A cylinder of the original size of defect (in this case a 
3 mm diameter, 1.8 mm height) was registered to this isolated volume fragment via correlation and 
orientated by principle component analysis (Yue et al., 2010) as shown in Figure 5.7e. The cylinder 
and bone, defining the original defect position (Figure 5.7f) can then be used to identify the defect 
VOI by the intersection area of the cylinder and the average model (Figure 5.7g). The volume 
fraction of bone ingrowth, , was measured using a marching cubes algorithm shown in blue in 
Figure 5.7h (Hege et al., 1997). 
 
The percentage of bone ingrowth was calculated as the volume of bone (RUI) divided by the 
volume of the VOI () less the volume of implant (QNSTUJ) 
  =  RUI −  QNSTUJ 
(5.1) 
 
In some cases, bone may grow around an implant rather than through it, resulting in the need for a 
method to quantify curvature. A new parameter for quantifying the curvature of new bone at the 
defect site was developed using a sphere fitting technique as seen in Figure 5.8a and b. Similar to the 
quantification of bone ingrowth, the average model is used to identify a reference sub0volume to 
calculate bone curvature.  
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Figure 5.7 Summary of the procedure to identify correctly oriented defect VOI in 3D using the 
contra4lateral model as mask represented in 3D and 2D images concurrently. For any segmented 
experimental data4set of bone with an unknown original defect area (a; bone – yellow), the 
contra4lateral tibia model in grey is overlaid as a template (b). (c) shows the subtraction result 
between the average model and bone from which the defect region is isolated (in green (d)). A 
cylinder (pink) is registered to this region (e) which can define the region in bone that 
determines the orientation of the original defect (f). The defect VOI is shown in (g). The bone 
after the in vivo experiment that has grown in is classified as ‘bone ingrowth’ shown in light blue 
which is a 3D measure of bone ingrowth (h). (Scale = 2000 Km) 
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When there is a contiguous segment of bone across the defect area, the sub0volume, Vcap, can be 
modelled to a spherical cap of height, h.  
 VTN =  13 7ℎ/"3	 − ℎ& (5.2) 
 
where r is the radius of the sphere representing the spherical cap (Figure 5.8c and d). When Eqn. 
(5.2) is rearranged, this provides us the radius of the fitting sphere that correctly defines the defect 
curvature, where 	 is found by: 
 
 	 =  VTN7ℎ/ +  
ℎ
3 (5.3) 
 
The overall definition of curvature not only depends on the radius of curvature but the distance 
between the centroid of the created sphere and the centre of the defect VOI. This distance, termed 
, is the Euclidean distance measured between the centroid of the sphere to the centre of the defect 
VOI (Figure 5.8e and f). The ratio 
 	Z , provides a measure of the severity of the curvature 
described. The curvature described by the sphere is minimised as the value of  
 	Z  approaches 1. 
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Figure 5.8 An equivalent spherical descriptor of the defect area is used to produce parameters of 
curvature, C (from radius, 	) and depth of bone delineation,  by modelling the defect area as 
a spherical cap of height ‘h’. The arrow indicates the length of  with respect to the sphere 
radius. (Scale = 1000 Km) 
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5.1.5.2 Using conventional µCT VOI 
 
Figure 5.9 Conventional quantification method in 3D by using convex hull to find the VOI of the 
implant volume (a) the bone (in yellow) bounded by the convex hull of implant (b) shown from a 
top4down view of the volume bounded by the convex hull (blue outline) 4 adapted from (Midha et 
al., 2013a). 
 
The implant and bone phase are identified using the method as described in section 5.1.4. In order to 
establish the VOI, a convex hull algorithm is used to find the volume that fully encloses the implant 
as shown in blue in Figure 5.9. 
 
Bone ingrowth, V , was measured in the same method as in section 5.1.5.1 (bone volume/VOI 
volume by marching cubes algorithm). The bone implant contact area [\V was also measured. This 
was done by first applying an 180direction 3D dilation algorithm on the implant phase. The cross 
product of this and bone, identifies the region around the implant that is in direct contact with bone. 
The area of this contact region was measured using marching cubes. The superscript ‘c’ is given to 
indicate that these results are from using a ‘conventional’ method and is only for comparison to the 
results obtained by the custom VOI method.  
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5.1.6 Histomorphometric analysis 
After µCT the tibiae were prepared for histological staining. The histological preparation was 
performed by Dr Swati Midha at the University of Ulster.  
 
The formalin fixed samples were decalcified by immersion in 14% di0sodium EDTA under constant 
agitation. The solution was replaced three times a week over a period of 14 days. The samples were 
then dehydrated using ascending grades of ethanol, cleared in xylene and embedded in paraffin. 5 µm 
thick transverse slices were cut and lifted onto pre0coated (30aminopropyl triethoxysilane) slides. The 
slides were stained with haematoxylin and eosin (H&E). Six measurements were taken across the 
medial wall from five random samples, with three sections per sample, to produce a mean medial 
wall thickness (562 µm). An ROI of 3 mm by 562 µm was created and aligned to the geometric 
centre of the medial wall determined by finding the mid0point from the line joining the two farthest 
points of the tibia from the centre. The separate tissue components and material areas were identified 
and calculated using ImageJ software (National Institutes of Health, USA). 
5.1.7 Statistical analysis 
For the µCT results, Kruskal0Wallis rank test was performed on the three separates groups: 1) dry, 
granular, wetted, preconditioned; 2) granular, Actifuse, NovaBone and 3) preconditioned, Actifuse, 
Novabone. A separate Mann0Whitney U test was applied to compare individual groups. For the 
conventional µCT results, only one sample was analysed per group. Histomorphometric statistical 
analysis was performed by Dr Swati Midha at the University of Ulster. The results were first tested 
for normality using the Kolmogrov0Smirnov test. Then one0way ANOVA followed by the Tukey 
HSD post0test was applied to data sets. All results were expressed as mean ± standard deviation and 
considered statistically significant if p < 0.05. 
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5.2 Results and Discussion 
5.2.1 Average model 
Many statistical shape methods attempt to generate models that accommodate the variations between 
animals. An example of the use of statistical models is in the extrapolation of 3D volumes from a 
series of 2D images (Baka et al., 2011; Zheng et al., 2009), however such models have not been used 
as a tool for quantification of bone in in vivo implants. The method of this study is similar to 
approaches in creating statistical shape models, in that a ‘model’ limb is created using several 
samples which are registered to each other to create an average model. Although in typical statistical 
methods hundreds of samples can be used, these are required to train a registration program to re0
create a fitted model to each individual. In our approach, an average model is created in order to 
standardise the template used to identify the correct VOI in quantification. 
 
Any quantification parameters will only be as accurate and reliable as the tibia model. One potential 
error is variation in anatomical structure between right and left leg. The right and left tibiae have 
been shown to be comparable mechanically and interchangeable as models (Bak and Jensen, 1992). 
This is important as it is possible to estimate the shape and size of the leg without doubling the 
number of animals used in each study and validates the use of the contra0lateral limb as the model 
source. The creation of statistical shape models is often performed for the identification of flexible 
structures such as the heart or structures that have inherently large variations between similar subjects 
such as bone (Cootes et al., 1994; Cootes and Taylor, 2004). The spread in variation between animals 
are normalised by registration of the average model, in that the animal/model mismatch will be less 
than animal/animal variation.  
 
In the proposed method, five contralateral tibiae were used to create the average model when ideally 
using the entire population of tibiae in the sample set would have been used to create the average 
model. A greater number of legs should further refine the average model, leading to a more 
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representative average model. Although this could not be done due to scanning constraints, finding 
the minimum number of limbs that would need to be scanned to produce a representative average 
model would be a useful future work – this would optimise future in2vivo experiments using this 
method.  
 
When registering these scans to the average model, it is very important that the overall shape change 
of the tibia and its marrow cavity is maintained. The medial axis allows the accurate representation of 
the tibial structure by preserving the shape and was demonstrated to be an equally effective method 
as landmark based models (Tardugno and Bull, 2008; Toth et al., 2011). The accessible volume 
algorithm is used to map the change in thickness of the bone using a distance map, thereby 
maintaining the correct thickness along the tibia.   
 
From Figure 5.4, the left tibiae of five randomly selected animals can show distinct difference in 
terms of lateral size, marrow cavity size and bone thickness. Quantification methods of trabecular 
bone have been much more widespread (Hildebrand and Rüegsegger, 1997; Laib and Rüegsegger, 
1999; Yan et al., 2011), the importance of cortical thickness measurement has been gathering 
momentum and has led to interesting segmentation techniques and parameters (Buie et al., 2007; 
Burghardt et al., 2010).  The use of a 3D accessible volume algorithm directly measures the thickness 
of a structure from its distance map in 3D producing a distribution of cortical wall thickness (Figure 
5.4c). This can be expressed as an analogous value to Ct.Th from histology using the modal value 
from the distribution; in this case Ct.Th was measured to be approximately 700 µm. In order to 
improve the accuracy of the model, especially in regions of the tibia where the wall thickness is small, 
scans at higher resolution could be used. This, however, may require several scans to image one limb 
resulting in a large increase in scanning time. It may be possible to scan portions of the limb in order 
to reduce scan times, but this would require very careful registration (due to the loss of anatomical 
features necessary for registration). 
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A large voxel size was used to scan the large sample size of tibia in the creation of the average 
model. The effect on the final model is that there will be overestimation of the cortical thickness 
particularly in areas with relatively thin Ct.Th. Despite this, the Ct.Th distribution of the average 
model is largely consistent between individual tibiae (Figure 5.4c). Although the average model does 
not provide a perfect fit to each individual tibia, it acts as a masking tool to identify key areas of 
importance such as the defect VOI for bone ingrowth calculations and curvature measures. The 
average model then is an objective and fast method that accommodates a large range of variation, 
whilst requiring minimal user input and a minimal number of limbs for training. 
 
The bone ingrowth values from the proposed method were compared to results from a conventional 
µCT technique and histomorphometry as seen in Figure 5.12. The conventional µCT method used a 
convex hull algorithm to find the VOI which is different to the proposed method. The average model 
allows the identification of the defect area as the functional area, whilst the convex hull method 
considers the implant area as the functional area. This means that the VOI from the convex hull 
method is much more dependent on good implant positioning. If an implant was not positioned in the 
defect region properly, or was dislodged during the incubation period, this could position the VOI 
away from the bone and lead to lower bone ingrowth values. The average model method overcomes 
this by reducing the effective VOI volume if the implant is positioned poorly, by only considering the 
area intersected by the implant and the average model of bone. The ROI determined in 
histomorphometry used the average thickness of the tibial wall and the original implant diameter 
(length in transverse) as its dimensions as was placed at the centre of the remaining defect area. This 
method of ‘best0fit’ alignment and orientation is biased, leading to a potentially large systematic error. 
It also assumes that bone grew in equally from both sides of the defect. This is overcome to a certain 
extent by using automated registration algorithms in the proposed method. The accuracy of the 
registration is limited to the resolution of both the bone and the model as well as the accuracy of the 
model itself. In the conventional µCT method, no alignment was necessary.  
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5.2.2 In vivo quantification 
As an in vivo case study, a 70S30C bioactive sol0gel glass scaffold was implanted into a tibial defect. 
These scaffolds were selected as they fulfil a number of criteria considered essential for ideal 
biomaterials to promote critical size defect bone ingrowth, such as having an interconnected pore 
network, dissolution over time and the dissolution products being osteogenic (Hench and Polak, 
2002; Jones, 2013; Jones et al., 2006). These novel 70S30C sol0gel scaffolds have been shown to be 
extremely successful in vitro allowing attachment and maturation of osteoblasts on the glass surface 
(Jones et al., 2007c) and also exhibiting osteoclastic activity in the form of resorption pits; an 
important part of the bone remodelling process (Midha et al., 2013b).  
 
To determine the efficacy of these scaffolds with different treatments, comparable quantitative 
measures of bone ingrowth were performed on commercially available products such as NovaBone 
and Actifuse porous granules. These comparative studies were performed and qualitatively assessed 
(Midha et al., 2013a) and in this study were quantitatively assessed as an example of the proposed 
methodology. The histology performed by Midha et al. was used to validate the quantification 
methods developed in this work (Midha et al., 2013a). 
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5.2.2.1 Controls 
 
The control (3 mm defect into the tibia) showed that after 11 weeks, the defect was healed with bone 
ingrowth filling the defect naturally without the aid of an implant. The original experimental setup 
proceeded under the assumption that a 3 mm defect in rat tibia was of critical size. As Figure 5.10 
shows, this was not the case and thus this should be kept in mind when considering the impact of the 
70S30C implants on bone regeneration from the results herein. In Midha et al., although the defect 
was not critical size, the healed region showed a slightly lower wall thickness (539 ± 19 µm, n=4) 
than non0operated tibia (562 ± 13 µm, n = 5). This means that it was expected that the defects with 
implants would have had near0complete bony union across the defect and this would suggest that the 
 
Figure 5.10 (a) KCT reconstruction of defect control in tibia at time 0; (b) a cross4sectional slice 
at time 0; (c) KCT reconstruction of control after 11 weeks; (d) a cross4sectional slice at time 11 
weeks 
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implant did not interfere with defect healing. It was not possible to determine whether these implants 
were triggering or inducing this process to occur. A deviation from this behaviour would suggest that 
the implant material would be having an (potentially deleterious) effect on healing. Post0operative 
observations also showed that 11 out of 81 tibiae suffered minor fractures causing a bone fracture 
response causing massive callus production around the fracture site. None of the fractured tibiae were 
used for analysis but the fractures meant that larger defects in rat tibia could not be used, as this 
would exacerbate this issue. For future critical size defect analyses, a larger animal model should be 
considered. 
 
5.2.2.2 Model registration and 2D analysis 
When the model was correctly registered (Figure 5.6), 2 separate regions (marrow cavity and lateral 
wall) were distinguished from which the different proportions of bone and implant could be 
measured. For each of the experimental conditions (dry, wetted, preconditioned, granular 70S30C 
scaffolds, NovaBone and Actifuse) the 2D profiles of the registration of the average model are shown 
in Figure 5.11. A typical cross0sectional slice is shown for each case, which best represents the bone 
ingrowth observed for the conditions. As illustrated in Figure 5.11, the bone and material values 
changes across the defect, thus an average slice from the 3D volume would only show blurred 
information with no distinct features due to the complex shape of the material. An average slice 
would only be useful if the implant material was the same in all slices (e.g. a cylindrical monolith). 
The blue and red highlighted areas in the slices correspond to the fraction of bone in the average 
model in 2D, QRKIS  and fraction of bone in the marrow, QTLLRH . The values of QRKIS and 
QTLLRH  are shown in graphical form adjacent to the cross0sectional slice. The solid blue curve 
indicates QRKIS , whilst the red curve indicates values of QTLLRH . The values of QRKIS  and 
QTLLRH are shown as the dotted curves as the cumulative addition to the  values. The shaded areas 
within each graph represent the proportion of volume taken up by the implants. The average values 
for each sample case is summarised in Table 5.1. 
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Table 5.1 Average values of QRKIS and QTLLRH as well as the corresponding standard deviations 
for the 2D quantification of bone ingrowth into the model and marrow regions 
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Figure 5.11 A typical cross4sectional slice and the 2D QRKIS  / QTLLRH   profile of all 6 
experimental cases: (a) 70S30C scaffold dry, (b) 70S30C scaffold wetted in media for 5 mins, (c) 
70S30C particles of size 500 – 1000 Km, (d) 70S30C scaffold pre4conditioned by immersion into 
media for 3 days, (e) Actifuse granules in autologous blood and (f) NovaBone particles in 
autologous blood. QRKIS is shown as a blue curve, QTLLRH as a red curve in (g)4(l). (Scale = 1000 
Km) 
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When plotted in graphical format, large variations in the value of QRKIS suggest that bone ingrowth 
is neither uniform nor entirely restricted to the area previously occupied by cortical bone (prior to 
lesioning), which is conspicuous in both the dry and granular 70S30C samples. This may be 
attributable to an overgrowth of bone (with possible later remodelling) typical of abnormal healing or 
a fibro0inflammatory response precluding bone regeneration within the defect VOI, as previously 
seen in histology images (Midha et al., 2013a).  
 
The fraction of bone inside the marrow cavity following implantation of NovaBone case was very 
high, due to conspicuous bone formation on the particulate surface. When preconditioned 70S30C 
was used, the lowest QTLLRH (18 ±14%) was found, consistent with the proposal that the bone has 
remodelled the most with this implant. The bone has grown into the scaffold and the scaffold 
degraded over time. The values can provide greater insight into the changes within the defect and 
marrow cavity areas, both areas which must be considered when judging the efficacy of any implant 
performance. These values correlate directly to qualitative observation using µCT and histological 
slices, where preconditioning showed good ingrowth into the defect site (high QRKIS  and low 
standard deviation) and also the least amount of bone growth diverting away from the scaffold (low 
QTLLRH) (Midha et al., 2013a). The high QTLLRH values in NovaBone were attributed to the highly 
osteoconductive nature of the particles in combination with them not remaining in their correct 
position (some migrated into the marrow), which caused the growth of bone even into the marrow 
region. The Actifuse did not show noticeable degradation over the 11 week study. The degradation of 
the 70S30C scaffold may have promoted bone growth in the direction of the original bone, whereas 
the rigid structure of the Actifuse allowed osteoconduction into the marrow cavity. However, more 
histology work over several time points is needed to draw conclusions on the temporal regeneration 
mechanism. 
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5.2.2.3 Bone ingrowth in 3D 
To develop a parameter for 3D bone ingrowth, the parameter of  was derived from the objective 
determination of the defect VOI. Ideally a single value would comprehensively describe the bone 
ingrowth ability of an implant 0   helps remove some of the bias by taking into account the 
implant orientation, location or size. The volume fraction of bone inside the VOI,  is shown in 
Figure 5.12 along with histomorphometric and conventional µCT quantification. The dry, granular 
and wetted cases did not elicit the same volume of bone ingrowth (38 ± 3%, 26 ± 1% and 31 ± 2% 
respectively) inside the defect VOI as the preconditioned 70S30C foam or the commercial implant 
materials NovaBone and Actifuse (65 ± 6%, 67 ± 3% and 68 ± 5% respectively). The value of  
was found to be significantly greater in the preconditioned case than the dry, wetted and granular 
cases (p = 0.015). It was also found that there were significant differences between dry > wetted > 
granular however, with such a small sample set (n = 3), it is difficult to say that the difference can be 
considered truly significant and would need to be verified with additional animal numbers. 
 
There are several factors that can affect the value of bone ingrowth. The small size of the pieces of 
granular sol0gel may have helped increase permeability and dissolution of the implants but could 
show lower  due to the likelihood of the implant moving post0surgery due to its shape. The 
wetting of the sol0gel scaffold for just 5 minutes may have had no effect on removing the initial Ca 
burst that was attributed to the improved performance of the preconditioned scaffolds. The wetting 
could also have delayed the contact of the blood to the implant surface leading to a lower value of 
. The efficacy of preconditioning is noticeable as its value of  is comparable to the bone 
ingrowth ability of commercial materials, whilst showing much greater dissolution of the original 
scaffold material. The value of  for the preconditioned case was not significantly different to the 
commercial products NovaBone and Actifuse (p = 0.393) whilst the dry, wetted and granular were 
significantly less effective statistically (p = 0.0247).  
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The   of preconditioned 70S30C scaffold confirms its success as an implant material, whilst 
using 70S30C in different pre0treatment conditions failed to elicit the same results.  
 
When comparing the conventional, histomorphometric and average model VOI techniques, the 
histomorphometric and conventional results tended to show a lower amount of bone ingrowth. This 
can be attributed to the non0specificity of the VOI in both cases: for conventional µCT, the VOI is 
considering all the bone with the implant region, some of which may be far away from the original 
bone due to poor implant placement. In cases such as NovaBone, the results matched the average 
model method more closely as much of the implant material was located within the bone marrow 
area. When an implant is placed closer to the marrow region, a greater amount of bone regeneration 
may be expected due to the presence of stem cells and growth factors (Park and Davies, 2000). In 
these cases, the VOI is also situated closer to the original tibia which also contributes to overall 
higher observed bone ingrowth values when using non0specific VOIs. When  was found to be 
much greater than histomorphometric or conventional results (e.g. dry and preconditioned cases), the 
difference was attributed to large amounts of bone ingrowth into the sides of the implant. This was 
not highlighted in conventional µCT as the VOI shrinks with the dissolution of the implant. In 
particular for the dry case, bone was found to grow around the implant rather than through the pores 
which would lead to an underestimation of bone ingrowth. This is also true in the Actifuse case, 
where the histomorphometry value is much smaller than the µCT VOI value. Actifuse, which has 
large particles and large pores, typically protrude out of the defect. In histomorphometry, the ROI can 
be wrongly positioned towards the outside of the defect leading to lower bone ingrowth values. 
 
The low  histomorphometric value for the dry case and high µCT value may be attributable to 
the presence of partially calcified fibrous tissue rather than fully dense bone (Figure 5.13a). This 
highlights the need for both the histology and µCT analysis should be in used in conjunction with 
each other for evaluation of implants.  
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Figure 5.12 Quantification of the proportion of bone ingrowth by using the proposed and 
conventional  methods from KCT, is termed  and V  respectively (Histomorphometric data 
taken from Midha et al. 2013a (Midha et al., 2013a); * indicates p <0.05 between dry, granules 
and wetted groups, ** indicates p<0.05 between preconditioned and the other BG groups) 
 
The 2D and 3D quantification techniques outlined above can be used together, providing greater 
insight into bone ingrowth. Whilst histological quantification is done on a slice by slice basis, greater 
number of slices can be considered during quantification using µCT. In the dry case, there is a clear 
dip in the QRKIS (Figure 5.11b). This is because the bone is growing from the marrow space rather 
than through the defect, as illustrated by a 2D cross0sectional slice (Figure 5.11a). On the other hand, 
the preconditioned sample shows a much more even trend in QRKIS (Figure 5.11j) and high , 
demonstrating a greater affinity to bone ingrowth. Additionally, the high proportions of QTLLRH  
and QTLLRH inside the 70S30C granular, Novabone or Actifuse treatments highlight the extent of 
marrow filling that occurs in these cases. Despite the similarity in QTLLRH, NovaBone and Actifuse 
achieve far greater  , which shows that in the 70S30C granular case, the bone was growing 
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around the implant; whilst in NovaBone and Actifuse the bone grew inside the marrow, where there 
would be an abundance of osteogenic cells, as well as the defect site. It is clear that preconditioning 
shows not only comparably successful bone ingrowth in terms of volume fraction, but also that 
preconditioning shows less bone inside the marrow and greater dissolution of the implant material 
over time; a potentially important factor in determining the success and efficacy of porous implant 
materials in the future. The success of preconditioning on 70S30C scaffolds were attributed to the 
removal of Ca through preconditioning. High local concentrations of CaOH ions led to an increase in 
local pH and inhibited bone ingrowth in rabbit femur (Hing et al., 2000). This result was reciprocated 
in Midha et al. (Midha et al., 2013a) and is evident in both the histomorphometric and µCT 
quantification results. 
 
From histology, the dry case was found to have large amounts of fibrous tissue, where most of the 
bone ingrowth was limited to the periphery of the implant. The µCT method could not distinguish 
between soft tissue and poorly mineralised bone. The presence of mononuclear giant cells were also 
seen in histology (box in Figure 5.13a and b) of the scaffolds that were not preconditioned. In 
contrast, the preconditioned scaffolds showed fully dense bone covering the defect area (Figure 
5.13c). Both NovaBone and Actifuse were found to close the defect area with newly formed bone 
(Figure 5.13d and e).  
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† Note: large portions of this chapter have been submitted for publication Kim et al., “A methodology for objective quantification of bone ingrowth into porous implants: application to an in 
vivo bioactive sol0gel foam” Journal of Bone and Mineral Research, 2014 
 
 
Figure 5.13 Light micrographs of histological slides (H&E stained) (a) dry, (b) wetted 70S30C, (c) preconditioned 70S30C, (d) Actifuse, (e) Novabone. 
(BG – implant material, BM4 bone marrow, F – fibrous tissue, NB – new bone). Adapted from (Midha et al., 2013a). 
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† Note: large portions of this chapter have been submitted for publication Kim et al., “A methodology for objective 
quantification of bone ingrowth into porous implants: application to an in vivo bioactive sol0gel foam” Journal of Bone and 
Mineral Research, 2014 
 
5.2.2.4 Bone curvature 
Furthermore, a successful implant should stimulate new bone to grow into the defect site. A method 
of quantifying how successful an implant is at promoting this ‘correct’ bone ingrowth is required, not 
simply the volume fraction. In some cases where the bone ingrowth has deviated from its ‘natural’ 
position, the extent of the deviation can be quantified by a curvature measure. In a simple 2D 
situation, the curvature of a line at some point P, κ, would be expressed as κ =  ^_, where R is the 
radius of the circle that most closely approximates the line at point P. 
 
In 3D, it is possible to quantify this physical space using a sphere fitting technique. The sphere can be 
altered to fit the unfilled space in defects whilst describing the deviation of the bone ingrowth from 
its natural position (Figure 5.8). By using the spherical cap to determine the location and size of the 
fitted sphere, this can be best reported by two values the 	  and  . Simply reporting the 	 
provides insufficient information as a highly curved (small 	) defect could be highly localised or a 
slightly0curved surface (large 	) may have an effect across a large area diminishing the extent of 
bone ingrowth deviation. The ratio  	⁄  offers a measure of the proximity of the sphere to the 
deviation. Ideally, for a surface that has no deviation (i.e. the bone has grown in its correct position), 
the ratio  	⁄  should approach a value of 1, whilst the value of 	  is important as a relative 
magnitude measure of the curvature. In this way, any defect can be defined as long as the spatial 
centroid of the sphere is known. The values of 	 were found to range from 868 µm to 1347 µm, 
which suggests that there was a distinctive deviation in bone ingrowth from its expected position for 
all experimental cases (Table 5.2). The NovaBone and Actifuse cases showed complex bone 
ingrowth into the scaffolds, but also the material showed much less dissolution than the sol0gel 
scaffolds and bone growth in0between particles making curvature measures for these cases 
inappropriate. 
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By considering the values of QTLLRH in conjunction with curvature, it is possible to infer that the 
bone grows around the 70S30C implants and into to marrow cavity. From these, the preconditioned 
case exhibited the most favourable 
 	Z  ratio, which indicated that the bone has reached a much 
later stage in remodelling and thickening of the bone trabeculae than the other treatment cases. The 
preconditioning may prime the surface for improved protein adsorption due to the now favourable 
local chemistry. Together with its high bone ingrowth fraction, these parameters clearly illustrate the 
success and importance of preconditioning as a requisite treatment before implantation for sol0gel 
glasses.  
 
Table 5.2 Values of 	 and  which describe the curvature of bone ingrowth seen in 70S30C 
scaffolds in vivo.  
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5.3 Conclusions 
 
A fast, post0experimental method of creating a model for quantification of ingrowth into defects 
within long bones has been developed. The model was created using five contra0lateral limbs from 
part of the experiment and the model was applied to create four new parameters: fraction of bone 
within the model,QRKIS, fraction of bone within the marrow, QTLLRH , volume fraction of bone 
ingrowth,  and the ratio of curvature,  	Z .  
 
The parameters QRKIS  and QTLLRH  provided 2D measures, similar to current conventionally 
reported measures, which describe the amount of bone present in the defect VOI or marrow cavity. 
Osteoconductive implants can cause bone marrow constriction and blockage, which can have serious 
impacts on bone health. An ideal bone scaffold should permit bone growth into its pores spanning the 
defect and its ability to do so would be reflected in its value of QRKIS. The parameter  for 
implants provides a 3D measure of an implant’s efficacy to promote successful bone ingrowth. The 
average model method provides an objective and repeatable method of determining defect VOI from 
which the bone ingrowth value can be calculated directly in 3D. This is a significant improvement on 
current measures because the proposed parameters can be compared despite differences in implant 
orientation and implant position. 
 
In order to define curvature of bone ingrowth the ratio 
 	Z  can reflect the morphology of the bone 
after improper bone ingrowth into the marrow cavity. The key advantage to this technique is that by 
using a model, the quantification results become customised to each experiment but also provides a 
comparable, transferable value in bone ingrowth and for future animal studies. 
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The study of an implant that dissolves or changes morphology over time is extremely difficult to 
quantify without a priori knowledge of the original defect site or implant structure. The average 
model approach has demonstrated that the location and orientation of VOIs, critical for comparable 
quantification results, can be found. The quantification of bone ingrowth,  , which is a 3D 
measure of bone ingrowth was found to correlate well with histological quantification from (Midha et 
al., 2013a). The average model also provides a means to create new 3D parameters such as the 
curvature ratio, 
 	Z , that cannot be measured using standard µCT or histological techniques. 
 
Finally, this chapter aimed to improve upon current quantification techniques used by µCT. The 
application of the average model highlighted new and existing results from both µCT and 
histomorphometry, despite a very limited sample number. It also showed that histology and µCT 
should be used together to evaluate future studies. 
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Chapter 6 Model Application to Bone 
Ingrowth Quantification in Porous Ti 
Implants 
The approach described in Chapter 5 was demonstrated on a set of ex vivo data, porous bioactive sol0
gel 3D scaffolds harvested after being implanted in vivo into rat tibia over 11 weeks.  
 
The chapter investigates the early bone ingrowth into porous SLM Ti foams in the same rat tibia 
animal model. Two pre0treatments, using PRP and using autologous blood, are also studied and 
compared by using the average model for quantification. The ease of procurement and application of 
autologous blood and PRP, that is thought to contain the necessary growth factors for bone 
regeneration, in a surgical situation, makes their use extremely attractive for surgeons. The fast 
clotting of blood can also aid the surgeon with handling the implant, in particular powder forms, 
during surgery. However, the effect of PRP or blood in long0bone defects using AM Ti scaffolds has 
not been studied in detail, nor has the bone ingrowth into these implants been quantified using µCT 
over a period of time. 
 
Therefore this chapter intends to study the early bone ingrowth behaviour into Ti implants and the 
effect of the addition of PRP and blood to bone ingrowth in tibial defects with Ti implants. 
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6.1 Materials and methods 
6.1.1 Animal and surgical procedures 
Animal surgeries were conducted Dr Swati Midha and Ms Aine Devlin at the University of Ulster, 
under the supervision of Dr Christopher Mitchell. 
 
All animal procedures were approved and conducted in accordance with institutional (University of 
Ulster) animal care committee and National (UK Home Office) guidelines. The animal preparation 
was identical to that outlined in 5.1.2. 
 
 The rats were randomly divided into three groups of five animals: (a) dry, (b) with blood and (c) 
with platelet0rich plasma (PRP) groups. As before, a 3 mm diameter defect was created in the medial 
aspect of the right tibia for each rat. The Ti implants were 3 mm in diameter and 1.8 mm in height, 
having been cut from a porous Ti rod using a diamond saw. For PRP and blood Ti samples, the Ti 
sample were placed into PRP or autologous blood for 5 minutes before implantation. The rats were 
kept in standardised conditions and the right tibiae were harvested after 2, 3, 4 and 6 weeks after 
implantation and stored as described previously. An additional five rats were used as controls at each 
time point, which had defects but no Ti implant.  
 
6.1.2 Preparation of PRP and blood 
For the collection of blood and PRP, an incision was made in the tail to collect the blood. Blood was 
immediately collected in heparin coated microvettes (Microvettes CB 300 FH, Germany). In samples 
with PRP, the collected blood was centrifuged and the PRP was collected as the supernatant. 20 Ti 
samples each were soaked in the blood or PRP for 5 minutes prior implantation. After implantation 
of the Ti samples, a suture was placed above and below the implant site to ensure fixation of the 
implant. The skin was sutured using a running suture technique to close the wound after which 
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chloramphenicol was applied to the wound to prevent infection and 5ml dextrose saline given via 
intraperitoneal injection to combat dehydration.  
 
6.1.3 Image acquisition 
Prior to implantation, Ti samples were scanned using nano0focus X0ray CT machine (Phoenix|X0ray 
General Electric Company, Measurement and Control) at a spatial resolution of 9 µm/voxel to 
provide pore and strut size information. The scanning conditions were as follows: 2000 ms 
acquisition time, 85 kV source voltage, 111 µA source current taking a total of 1000 projections. 
Each projection was from an average of 5x1 s exposures and X0rays were filtered using a 0.5mm 
thick copper filter to minimise beam hardening effects. The scans were reconstructed using 
commercial software (Datos x rec, Phoenix|X0ray General Electric Company, Measurement and 
Control) according to the manufacturer’s instructions. 
 
6.1.4 Ex vivo µCT and analysis 
Each tibia was scanned ex vivo using the same settings as described above. Each scan was then 
normalised to a pre0determined reference histogram before undergoing two sets of image 
enhancement filtering, an edge0preserving filter and an anisotropic diffusion filter to remove noise 
and artefacts. The filtered volumes were then segmented using an in0house algorithm. The 
segmentation algorithm is based on iteratively segmenting binned (lower resolution) images such that 
the segmented result at low resolution is then used as a mask to enhance the segmentation of images 
at higher resolutions. For example, a volume was binned using a 2x2 kernel and a 4x4 kernel that 
produced two lower resolution volumes of the original. Global thresholding was applied to the 4x40
binned volume to segment the bone and Ti phase at lower resolution. The result was then used as a 
mask during the subsequent thresholding of the 2x20binned volume and so forth.  The thresholding 
values were determined in the same manner for each scan by examining its histogram after filtering.  
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The segmented bone phase was then registered with an average model made from several scans of 
the contralateral limb as detail in Chapter 5. The segmented Ti phase was also registered to a cylinder 
of dimensions identical to the original defect size. The overlapping area of the average model and the 
defect area defines the volume0of0interest (VOI) from which the quantification measurements are 
taken. 
 
Four quantification measures of the bone were taken. These were (1) the percentage of bone ingrowth 
into the implant,  as in section 5.1.5, (2) bone0implant contact area (BIC), (3) specific surface 
area of bone (SSA) and (4) thickness of bone trabeculae (Tb.Th). These values were taken as they 
measure the quantity of bone growing into the implant over time, but also the relative ‘quality’ of 
bone. The percentage of bone ingrowth is calculated as the volume of bone (RUI) divided by the 
volume of the VOI () less the volume of Ti (`) 
  =  RUI −  ` 
(1) 
The volumes were calculated using a Marching Cubes algorithm as described by Hege et al. (Hege et 
al., 1997). The BIC is also calculated from Marching cubes, which triangulates the surface to 
approximate the surface area. The intersection of the surface area of bone and Ti (RUI/`) was 
divided by the total surface area of Ti (`& available: 
BIC =  RUI/``  
(2) 
The SSA was calculated by dividing the surface area of bone (RUI) by its volume: 
SSA =  RUIRUI  
(2) 
 
The thickness of bone trabeculae inside the VOI was measured using an accessible volume 
algorithm. The accessible volume algorithm creates a distance map of the bone phase and calculates 
the volume occupied by spheres of pre0determined diameter. The differential in occupied volume 
from increasing sphere sizes was plotted as a distribution of bone thickness.  
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6.1.5 Statistical analysis 
Statistical analysis was performed to compare bone ingrowth at separate time points (2, 3, 4 and 6 
weeks) and between testing conditions (dry, with platelet0rich plasma and blood) using the Mann0
Whitney U test due to the low number of samples (n = 3). In some cases, where n = 2, statistics was 
not applied – these groups were 3 weeks PRP, 6 weeks PRP. All results were expressed as mean ± 
standard deviation and considered statistically significant if p < 0.05. 
6.2 Results and Discussion 
6.2.1 Characterisation of Ti implant 
The implants used in these experiments were created by SLM, with a unit cell size of 600µm and a 
30% randomized structure in the CAD design. The designs for these implants applied the changes 
suggested in Chapter 4. The quantification of the pore and strut sizes in these structures are shown in 
Figure 6.1 and follows the same quantification processes described in section 4.1.3. The implants 
were found to have a porosity of 65%, with pore sizes ranging from 500700 µm. 84 ± 4% of the pore 
volume inside the implants was occupied by pores of at least 100 µm in diameter. The modal strut 
thickness was 189 µm. 
 
Figure 6.1 (a) A µCT reconstruction of SLM0created Ti implant. In (b) the pore and interconnect size 
distributions measured by accessible volume. 
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6.2.2 Bone ingrowth 
Bone ingrowth into a dry Ti implant shows a typical bone response to an implant that does not elicit 
an unwanted foreign body response over 6 weeks as seen in Figure 6.2a. At 2 weeks, there is a large 
spread of mineralising immature bone around the defect area that is discernable from µCT that can be 
seen to penetrate the open Ti structure. This is typical of the callus response to a bone defect, as the 
bone quickly aims to stabilise the defect area. By 4 weeks, local remodelling of the mineralising 
callus can be seen as the bone inside the Ti implant becomes visibly thicker and more coherent. This 
is reflected in the bone thickness distribution, seen in Figure 6.2b, where the bone thickness in 2 
Figure 6.2 2D slices from KCT of tibiae after 2, 3, 4 and 6 weeks implantation of dry Ti samples. 
The VOI used for quantification is shown as a red outline in (a). The bone thickness distribution 
inside the VOI is measured using accessible volume at each time point, as shown in (b). The 
yellow arrows indicate the evolution of immature bone into contiguous segments of bone over 
time. 
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week samples show a large proportion (98%) of bone trabeculae thickness less than 100 µm and 
modal value of 42 µm whilst by 6 weeks, only 60% of bone trabeculae are less than 100 µm thick 
and the modal value of 122 µm.  
 
Similar bone responses were observed in the Ti+PRP (Figure 6.3) and Ti+blood cases (Figure 6.4), 
with local callus formation around the defect area followed by thickening and consolidation of the 
bony struts inside the Ti implant. In all three cases, there was good bone integration into the Ti 
implants, but bone was seen to line the Ti surface rather than completely filling the pores. 
 
Figure 6.3 2D slices from KCT of tibiae after 2, 3, 4 and 6 weeks implantation of Ti+PRP 
samples. The VOI used for quantification is shown as a red outline in (a). The bone thickness 
distribution inside the VOI is measured using accessible volume at each time point, as shown in 
(b). 
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The amount of direct contact between the ingrown bone and the Ti implant increases and bone is 
seen to grow along the surface of the Ti for all treatment types (Figure 6.5). Despite this, very little 
bone is seen to grow away from the original defect space and into the Ti. This is surprising as good 
bone0Ti contact area would suggest that the Ti is providing a good conduit for bone to grow along 
and being formed directly from the surface. This goes against previous literature that suggested that 
bone growth began at the centre of the channel mouth and towards the channel in a cone shape 
(Frosch et al., 2003). This may be due to the complex pore structure of the Ti implants, rather than 
the single channel experiments carried out by Frosch et al. that causes bone growth from multiple 
entry points and becomes gradually preferential to form along the surface. The increase in BIC over 
time in the Ti dry samples, increasing from 18% to 65% of the Ti surface (Ti dry) in the VOI 
Figure 6.4 2D slices from KCT of tibiae after 2, 3, 4 and 6 weeks implantation of Ti+blood 
samples. The VOI used for quantification is shown as a red outline in (a). The bone thickness 
distribution inside the VOI is measured using accessible volume at each time point, as shown in 
(b). 
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becoming covered could be put forward as evidence towards this. The increase in BIC could be 
attributed to firstly the increasing volume of bone inside the implant but also secondly that as the 
bone inside the implant is remodelling over time. Bone grew on the Ti surface in order to close the 
defect area. The low values of BIC at very early stages also suggest that bone does not form on the 
surface initially. This behaviour was seen in both the PRP and blood cases, thus these coatings did 
not seem to make the surfaces any more osteoconductive than the dry case. The dry case showed 
significant differences between the time points (2 and 4 weeks, 2 and 6 weeks, 3 and 6 weeks and 4 
and 6 weeks, all p = 0.0247) and similarly in the blood group (2 and 3 weeks, 2 and 4 weeks, 2 and 6 
weeks, all p = 0.0247). In the dry case, no statistical difference was seen in the 2 and 3 weeks (p = 
0.0633), and between 3 and 4 weeks (p = 0.2563), which suggest that local remodelling began 
sometime after 4 weeks implantation causing significant increases in BIC. This remodelling stage 
may have been brought forward by the addition of blood, where a significant difference was seen 
already by the 2
nd
 and 3
rd
 weeks, suggesting remodelling began occurring as early as 3 weeks into 
implantation. The PRP cases showed no significant differences between time points (p = 0.0606 – 
0.5), but these analyses were of limited use due to the small sample size (n =2 in some cases). 
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As seen in Figure 6.5, there was very little difference between the different treatment types which 
would suggest that neither PRP nor blood has any significant effect on improving bone attachment to 
Ti surfaces (dry vs PRP, p = 0.0606 – 0.5; dry vs blood, p = 0.1376 – 0.4136 at all time0points). This 
can be attributed to several factors. First of all, these surgical sites are already bloody, which could 
render any additional growth factors or cells provided by the blood treatment less meaningful. This is 
true also for PRP as it is a derivative of the blood such that all the proteins provided by PRP may 
already be present in abundance in a bloody site. Secondly, the implants were treated as a surgeon 
would before surgery; i.e. no steps were taken to ensure the homogenous coating of the inner Ti 
surface with PRP or blood. This could be done, for example, by putting the implant and PRP/blood 
solution in a vacuum to coat the surface. The implants were visibly covered in blood or PRP before 
implantation. However this is not considered a serious flaw as no real preference of bone growth 
along the outside of the implant was observed. Thirdly, the use of PRP is thought to require the 
presence of thrombin and CaCl2 in sufficient concentrations (142.8 U/ml and 14.3 mg/ml 
 
Figure 6.5 The bone4implant contact area, BIC, over time for the different treatments. (p < 0.05, 
† dry, * blood) 
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respectively) in order to be ‘biologically active’ (Lacoste et al., 2003). In a bloody site however, it 
can be assumed that this threshold would have been reached.  
 
One prior study found that osteoblast bone ingrowth into channels was restricted to 300 – 500 µm 
from the channel opening in vitro (Frosch et al., 2002). This study has shown that in vivo, this is not 
the case as connected segments of bone are seen to traverse across the width of the Ti implant 
through the pores. This can be explained by the fluid flow present in in vivo experiments that allow 
the transport and removal of cells inside the porous structure. The interconnectedness of the Ti pore 
channels also provide multiple ways of supplying an advancing bone front, rather than having the 
tissue stagnate due to the slower rate of vascularisation. Bone ingrowth, , can be seen to increase 
over time for all of the samples in the 6 week period although the nature of the bone changes 
throughout this time (Figure 6.6).  
 
In the dry cases, a significant difference in  was seen only at 6 weeks compared to 4 weeks (p = 
0.0633 beween 2 and 3 weeks, p = 0.4136 between 3 and 4 weeks and p = 0.0247 between 4 and 6 
weeks). This coincides with the timing of significantly increased BIC, as bone inside the defect and 
implant pore space becomes more consolidated. In the blood group, there were significant increases 
in bone ingrowth at 2 weeks (p = 0.0247) but none beyond 2 weeks. Again this correlates with the 
BIC values, which suggested that bone ingrowth and subsequent remodelling was aided by the 
addition of blood inside the pores of the Ti implant. Ultimately however, there were no significant 
difference between the conditions (dry, PRP and blood, p = 0.2563 – 0.4136), and thus no real effect 
of the addition of PRP and blood could be inferred in terms of the early bone ingrowth.  
 
Comparing the  values does not distinguish whether the increase in  is driven by thickening 
of the bone trabeculae or the invasion of bone growth from the two ends of the defect. A decrease in 
SSA of the bone inside the VOI indicates a thickening of the bony struts (Figure 6.7).  
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Figure 6.6 The bone ingrowth percentage,  is plotted for the different treatments. Error bars 
show the standard deviation between 3 samples. (p < 0.05, † dry, * blood) 
 
 
Figure 6.7 The specific surface area of bone, SSA, over time for the different pre4treatments 
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6.3 Conclusion 
 
The application of the average model to quantify bone ingrowth into Ti implants has been 
successfully demonstrated. Four quantification parameters: bone ingrowth,  , bone0implant 
contact area, BIC, specific surface area of bone, SSA, and bone thickness were measured and clearly 
showed differences between time points. In particular, a significant increase in  and BIC was 
seen at the 4 week stage in the dry case which indicated the end of the callus response and the 
beginning of localised bone remodelling inside the defect area. There was some evidence to suggest 
that this was initiated earlier in Ti implants that had blood. This may be because of growth factors 
and necessary cells already present in the blood and coating the inside of the Ti implant surface. No 
significant differences was seen when PRP was used. It is an indicator that they do not hinder bone 
growth but could, in critical size defects or non0bloody sites, be a key factor in stimulating improved 
bone integration. 
 
Increases in   and BIC were accompanied by a decrease in SSA, which correlated well with 
qualitative observations, showing that with the correct quantification techniques, µCT can be used to 
provide in0depth information in longitudinal in vivo/ex vivo animal studies. A larger number of 
animals tested per group may help distinguish different treatments more clearly in future, although 
using the model technique to find the VOI allowed normalisation of the variability within animals for 
comparable quantification. 
 
 

  
Chapter 7 Conclusions and Future 
Work 
7.1 Conclusions 
 
In this thesis, X0ray µCT was used as the primary tool for analysis of porous SLM Ti structures and 
the bone ingrowth into porous Ti and bioactive glass implants in a rat tibia model. A novel 
quantification approach was developed, involving the creation of an average model from within each 
in vivo experiment that aids objective VOI location and orientation in different animals. The average 
model was applied to two separate case studies, implantation of a porous 70S30C bioactive glass that 
dissolves over time inside the body and the bone ingrowth into porous Ti implants over time. Novel 
segmentation algorithms were also developed during the course of the thesis to improve the accuracy 
of image analysis. 
 
7.1.1 X"ray µCT as a quality control tool 
The direct comparison and tracking of randomised Ti porous implants over a series of cleaning 
procedures was demonstrated for the first time, highlighting the evolution of the complex Ti structure. 
The combined use of full and local tomography was also demonstrated, to provide more detailed 
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information about the surface whilst not sacrificing information of the bulk structure. A number of 
key observations were made to further improve the design of SLM Ti implants: 
1) Low angle struts were poorly connected and not as strong. These can be avoided during the 
randomisation process and removed in future designs. 
2) Bending and failure of un0terminated struts at the surface of Ti structures as observed during 
cleaning. A simple solution was suggested: designing all the struts at the surface to be node0
terminating, providing greater stability. 
3) The pore and strut sizes were measured using an accessible volume code. Built implants can 
be verified to initial CAD designs quickly by µCT. 
 
Using local tomography techniques limits the effective field of view during reconstruction. This is 
especially limiting when the detector is small (512 pixels) as it was in my case leading to only a very 
small area being analysed at high resolution. The technique has limiting factors such as increased 
noise and potentially fluctuating X0ray attenuations, but it was necessary in order to obtain high 
resolution scans. 
 
The registration techniques demonstrated in Chapter 4 were extremely useful for any future work 
involving the registration of animal limbs. This chapter showed that µCT was capable of producing 
datasets with enough information and with suitable resolution for registration. This is a huge 
advantage for µCT, as this is not possible using other techniques. Although it was not implemented 
in these studies, it would be possible to pre0scan a porous implant then compare it periodically whilst 
the implant was still inside an animal (making sure the exposure of X0rays to the animal was not 
influencing the animal’s normal growth or development).  
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7.1.2 Average model as an essential analysis procedure 
The average tibial model was developed as a response to the arbitrary and incompatible methods 
currently employed to determine a VOI for quantification. The impact of the approach is that it is 
applicable to different species, different animals as the average model is derived directly from the 
animal model being used in the experiments. It provides an automatic and objective way of 
determining the VOI minimising the element of human error and bias. This leads to quantification 
results that are normalised by each unique VOI, allowing the direct comparison of results between 
groups. The use of the contralateral limb to create the average model also reduces the number of 
animals that need to be sacrificed. The quantification results from using this approach was also 
verified by histological quantification in (Midha et al., 2013a). 
 
In2vivo and ex2vivo implant studies in animal models are still highly dependent on the skill of the 
surgeon. In the early surgeries carried out for use in this thesis, there were several issues that could 
have affected the quantification results. First of all, implant orientation is extremely difficult to 
standardise especially when handling such small implants (3 mm diameter) and being press0fit. There 
is also a tendency for implants to be pushed out (by the blood pressure) or be dislodged early on as 
the animals move about freely. This not only leads to the implant not spanning the entire defect area 
but also vastly differing VOI sizes, that may no longer be studying the same effect. In follow0on 
studies, this problem was avoided by having a thin strand of Ti that allowed greater control on 
placement of the implant in the defect space and which could then be broken off after implantation. 
Secondly, there were a number of fractures (on average 1 in each group) in the tibia that led to a 
greater callus response which covered the entire leg rather than the defect area and bone forming 
across the fracture to join the two parts of the limb together. This limited the number of animals that 
could be successfully analysed. Another factor in the quantification is the number of contralateral 
limbs used to create the average model. Ideally the model should be representative of the animal 
sample set being used. Currently there is further work going on to finding what number of limbs, at 
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what resolution is acceptable to be representative. This work will hopefully further refine the method 
to produce better models. 
 
The average model was applied to bone ingrowth into 70S30C and Ti implant materials, from which 
it was concluded: 
1) Preconditioning led to the increased dissolution of 70S30C scaffolds. This significantly 
improved the bone growth into the scaffold over time in terms of bone volume ingrowth. 
2) Not preconditioning 70S30C scaffolds inhibited the growth of bone into the scaffold pores 
and led to a curvature in the final healed bone. This was reflected in a new parameter, 
 	⁄  
3) Actifuse and NovaBone were successful osteoconductors, but caused large bone growth 
inside the marrow, filling up to 50% of the marrow volume. 
4) Preconditioned 70S30C exhibited bone ingrowth values similar to commercially available 
products, making preconditioning of sol0gel scaffolds a pre0requisite before implantation. 
This also led to developments of new compositions that reduced the Ca content in the glasses 
or compositions that balanced local pH by additional dissolution components. 
5) µCT analysis of Ti implants over time showed significant changes in BIC, , SSA and 
bone thickness, but no differences were found between dry Ti, Ti+PRP and Ti+blood cases. 
This suggested that Ti does not hinder bone ingrowth. 
 
Whilst X0ray µCT is clearly a powerful imaging tool, it has yet to fully be utilised as a quantification 
tool. There are still some limitations to µCT that need to be overcome, namely resolution and bias. 
With µCT machines becoming more and more powerful, improved resolution and more sensitive 
detectors are allowing sub0micron imaging. On improving the subjectivity of quantification values, 
there are numerous attempts to automate segmentation steps, to eliminate user interaction. This thesis 
has presented an objective method of finding the VOI, a critical step in quantification of 3D volumes, 
which is not only applicable in long bone defects but other bony sites. 
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7.2 Suggestions for future work 
 
The future of µCT 3D quantification should aim to become a staple part of bone and implant 
characterisation in future in vivo investigations, as a complementary technique to histology.  
 
The average model approach can be refined by averaging more than the five scans used to create the 
model presented in this thesis. It is conceivable that there will be a minimum number of samples 
required to produce a reliable and re0usable average model for any bone, from which a standardised 
method could be produced such that it can be widely adopted. Equally important is the development 
of segmentation and quantification techniques such as those in Chapter 3 that improve image quality. 
 
For the titanium implants, a study in the use of PRP or blood in non0bloody sites may lead to greater 
insight into their role on Ti implants. Using a critical0size defect in a larger animal model to 
investigate Ti implants could be a way to study Ti osteoconductivity, whether Ti is simply non0
inhibitive or can be made to be bioactive by the addition of PRP or blood. The study of other surface 
treatments that are easily commercially implemented, especially UV treatment to produce 
hydrophilic surfaces, is important for improving early bone integration and fixation to Ti implants.  
 
For the bioactive glass scaffolds, it will be important to ascertain exactly why the preconditioning 
had such a dramatic effect on bone ingrowth. The techniques developed herein will be important 
tools in that work. 
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Appendix 
a. Accessible volume 
 
Accessible volume is a code developed by Sheng Yue (Yue, 2010) that was designed to measure the 
pore space in SLM produced Ti foams. As pores in a SLM produced Ti foam are channel0like, 
typical pore size measurements based on spherical0approximation is not appropriate. The code is 
based on a distance map approach from pre0binarised data sets. A number of pre0determined ‘sphere’ 
of increasing size are used to virtually fill the pore space. With each iteration, the volume of the pore 
space filled by the testing sphere will decrease. Only areas that are connected to the outside (outer 
surface of the structure) is considered, making this the ‘accessible’ volume of the pore space. The 
differential of the measured accessible volumes then give an estimate of the pore size distribution 
within a particular structure. In this way, accessible volume is similar to mercury intrusion 
porosimetry. 
 
In this thesis, the accessible volume code was modified to take into account unconnected volumes 
(i.e. the pore sizes in closed pores) and also extended to measure the diameters of the Ti struts within 
the structure.  
